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Abstract
The far infrared frequency range 30 - 300 pm remains one of the least developed
spectral regions of light. A cheap and efficient far infrared semiconductor laser would
enable new technologies in spectroscopy, pollution monitoring and chemical agent
detection. Unfortunately, the frequency range of conventional semiconductor diode
lasers is limited by the band gap. This limitation of natural semiconductor crystals
can be overcome by using artificially grown quantum well structures. Quantum wells
behave like giant atoms whose energy levels and wavefunctions can be designed by
band gap engineering.
This thesis investigates the possibility of using optically excited intersubband tran-
sitions in quantum wells to realize a far infrared laser. A major difficulty of scaling
the wavelength of quantum well lasers to the far infrared is the extremely unfavorable
scaling of emission efficiency oc A. The far infrared emission efficiency is so weak
that previous emission experiments were dominated by black body radiation. In re-
sponse to this challenge, we proposed and analyzed a novel four energy level scheme
in a triple coupled quantum well design. The four level design improved the gain
and emission efficiency by an order of magnitude over previous three level designs.
This innovation paved the way for a successful experiment to measure far infrared
intersubband emission.
An optics laboratory was built to perform absorption and emission spectroscopy
on optically pumped far infrared quantum well lasers. Two multiple quantum well
samples were grown using the AlGaAs-GaAs material system to test and compare
the conventional three level design and the new four level design. Absorption spec-
troscopy measurements confirmed the designed energy levels and dipole moments for
both samples. Spontaneous emission measurements showed an order of magnitude
improvement in emission power of the four level design compared to the three level
design. The emission spectra were resolved using a Nicolet Fourier transform infrared
spectrometer. The intersubband emission peak of the three level design was very weak
and the spectrum was dominated by black body radiation. A clear improvement was
seen in the emission spectrum of the four level design. The experiments on the four
level design demonstrated the first conclusive measurement of optically pumped far
infrared intersubband emission from quantum wells.
The emission experiments revealed an important problem in optically pumped far
infrared quantum wells lasers. The emission power of both samples was an order
of magnitude weaker than predicted by theory. This discrepancy was identified as
being due to heating effects. Heating of the electron gas can result in the opening
of a parasitic LO phonon scattering channel for electrons in the upper laser level. A
new five level design scheme using quadruple coupled quantum wells was proposed
and analyzed to improve high temperature performance by enhancing the scattering
rate from the lower laser level. The five level scheme should extend the operating
temperature range of far infrared quantum well lasers beyond 100 K.
Thesis Supervisor: Qing Hu
Title: Associate Professor of Electrical Engineering and Computer Science
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Chapter 1
Introduction
1.1 Why Far Infrared?
The far infrared frequency range is roughly defined as 30 - 300 pum or 4-40 meV. It is
also often referred to by the term terahertz (THz) in engineering literature since 4-40
meV corresponds to 1-10 THz. The far infrared spectrum lies between two very well
developed frequency ranges. The near to mid infrared 1 - 30 pum frequency range is
covered well by semiconductor diode laser technology. Diode lasers are ideal sources
because they are cheap, compact and very efficient. However, the semiconductor
band gap places a limitation on emission frequency. The longest wavelength diode
lasers A - 30 pum are based on the narrow gap lead salt semiconductor [1]. On the
other end of the spectrum, semiconductor transistors can be used to make oscillators
up to several hundred gigahertz (GHz) [2]. The fundamental high speed limit of
transistors is set by the mobility of electrons in semiconductors. Although both
transistor and diode laser technologies are constantly making inroads to extend their
respective frequency ranges, there are fundamental physical constraints on how far
these technologies can be pushed.
Molecular gas lasers are currently the only practical laser sources for the far in-
frared [3]. Molecular gas lasers are optically pumped by a CO2 laser at 10 pm to
17
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excite electrons from a rotation level J in the ground vibration state to a rotation
level J' in a higher vibration state. Laser emission occurs between rotation levels J'
and J'- 1 [4]. Molecular gas lasers are capable of generating milliwatts of continuous
wave output power. However, these lasers are very large, consume much power, and
can only be tuned by changing the gas species. Free electron lasers are tunable and
generate high power in the far infrared but are even bigger and more expensive than
molecular gas lasers [5].
Considerable research has been done to develop difference frequency mixers and
optical parametric oscillators as sources for the far infrared [6]. The idea is to beat
two CO 2 lasers with slightly different frequencies wp and wi in a nonlinear medium to
generate the difference frequency w, - wi. When a resonant cavity is provided for the
wave with frequency wp - wi, the resulting optical feedback can lead to oscillation.
This principle can be used to make tunable coherent sources called optical parametric
oscillators in the far infrared. However, the weak nonlinear susceptibility X(2 ) of most
natural crystals makes it difficult to realize an efficient source with useful output
power.
The ideal source would be similar to a semiconductor diode laser. However, since
interband transition energies of semiconductors are limited by the bandgap, some
perturbation must be applied to the crystal lattice to create new transitions in the
far infrared. One interesting idea involves using strong crossed electric and magnetic
fields to induce far infrared transitions between the heavy and light hole bands. This
idea has been successfuly applied in p-type Germanium to make the only existing
far infrared semiconductor laser [7]. The p-type Germanium far infrared laser is field
tunable and can produce high peak power in pulse mode. The requirements of strong
electric (- 1 kV/cm) and magnetic (- 1 Tesla) fields along with cryogenic operation
are its major disadvantages. The p-type Germanium laser is currently a subject of
active research and may hold good prospects for the future.
The quest for realizing a cheap, compact and efficient far infrared source continues.
18
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A tunable coherent far infrared source would find many applications in spectroscopy,
such as pollution monitoring, gas analysis, chemical agent detection and semicon-
ductor wafer characterization [1, 8, 9]. One can also argue that once a good source
is available human ingenuity will invariably find applications for it. Indeed, who
ever thought in the 1960's that semiconductor diode lasers would find widespread
application in compact disk players and fiber optic communication systems. The
development of new laser sources is also important from a purely scientific point of
view to prove that it can be done. This thesis is devoted to exploring the possibility
of using optically excited intersubband transitions in quantum wells to realize a far
infrared laser.
1.2 Intersubband Transitions in Quantum Wells
The idea of growing heterostructures to create quantum wells for applications in op-
toelectronics was first proposed by Esaki and Tsu in 1970 [10]. Advances in molecular
beam epitaxy growth of atomically thin single crystal GaAs layers made this idea a
practical reality [11]. Quantum wells are made by growing layers of different band gap
semiconductors in a sandwich like heterostructure. Since the band gap of AlGaAs is
larger than that of GaAs, band gap differences in the layers result in a potential well.
The potential well height is determined by the Al alloy concentration of the barrier
material.
Electrons are bound in the quantum well just like in an atom. The quantum
well heterostructure breaks the perfect periodicity of the crystal lattice in the growth
dimension. This perturbation is similar to a defect or an impurity atom in that new
electron energy states are created localized in the quantum well. As shown in Figure
1-1, the conduction band is quantized into subbands. Electron transition energies
between the subbands depend on the well width just as the spectra of natural atoms
depend on their size or atomic number in the periodic table. For the single quantum
19
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AIGa1-As GaAs AIGa1-As
4,, Real Space
1h K Space
Figure 1-1: Quantum well in real space and reciprocal lattice space. The potential
well caused by the AlGai_,As - GaAs - AlGai-_As heterostructure in the growth
direction gives rise to bound states localized in the quantum well. These bound states
are represented as subbands in k space since the electrons are still free to move in the
plane of the quantum well.
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well of Figure 1-1, electron energies are approximated by the well known formula
En 2 nzrE_ = (- )2,7112m* L
where m* is the electron effective mass in GaAs, L is the well width and h is Planck's
constant. Thus, we can chose L so that electrons making transitions between Em and
En will emit photons in the far infrared.
The electron wavefunctions are also amenable to design by tailoring the quantum
well potential. The potential profile can be manufactured to practically any shape
by varying the Al alloy concentration during crystal growth. This gives the designer
flexibility to engineer many physical properties of quantum wells such as intersubband
absorption, stimulated emission, index of refraction, and phonon scattering. For
example, it will be shown in Chapter 2 that the optical properties of electrons bound
in quantum wells (or in atoms) depend on dipole matrix elements defined as
Znm = dz@O* (Z)ZVn(Z), (1.2)
where z is in the quantum well growth direction. By proper design of the wavefunc-
tions @m and 'n, dipole matrix elements corresponding to particular transitions can
be enhanced or suppressed. This is a powerful tool because intersubband absorption.
index of refraction, and laser gain of a particular transition En + Em are all pro-
portional to Znm [12, 13, 14]. The interaction of phonons with electrons bound in a
quantum well also depends on overlap integrals similar to the one for dipole moment
[15]. Thus, the properties of phonons can also be altered by proper engineering of the
wavefunctions.
A major advantage of using quantum wells over atoms is that the dipole matrix
elements of quantum wells are much larger. Dipole matrix elements are roughly the
size of the atom (that is Znm - L). Since typical quantum wells are 10-100 times
larger than a Hydrogen atom, so are the dipole matrix elements [16, 17]. Thus,
21
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quantum wells appear to photons like giant atoms. This means that quantities like
laser gain and nonlinear optical susceptibility will be much larger in quantum wells.
Even more interesting from an engineering point of view is our ability to tune the
energy levels and to some extent the dipole moments by applying a voltage bias
[18, 19]. The Stark shift from an applied electric field can shift the energy levels
and alter the potential profile. This provides an excellent mechanism for tuning the
emission frequency of quantum well lasers. Indeed, quantum wells offer a rich amount
of physics that can be applied to devise new optoelectronic devices [20, 21].
1.3 Mid Infrared Quantum Well Lasers
Lasers based on intersubband transitions in quantum wells were first proposed by
Kazarinov and Suris [22]. An electrically pumped version of such a laser, called
the Quantum Cascade Laser, was recently demonstrated by Faist et. al. [23]. The
Quantum Cascade Laser operates by using a voltage bias to create a potential staircase
in the conduction band with a quantum well forming each step. Electrons are injected
from the contacts to cascade down the staircase. At each step, the electrons emit
photons in intersubband transitions from an excited state of the quantum well E3 to
a lower state E2. Electrons quickly vacate E2 via longitudinal optical (LO) phonon
emission to the ground state Ei, which is also the excited state of the next step.
Figure 1-2 shows a schematic of a mid infrared electrically pumped vertical transition
quantum well laser. This type of design has been very successful in covering the mid
infrared frequency range 4-12 pm [24, 25, 26, 27].
Mvlore recently, a mid infrared quantum well laser operating at 15.5 Pm was realized
by Gauthier-Lafaye et. al. using optical pumping [28]. A schematic diagram of the
optically pumped mid infrared intersubband laser is shown in Figure 1-3. This laser
also uses a simple three level scheme where electrons are optically pumped from
the ground state Ei to the excited state E3. A population inversion is ensured by
22
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Figure 1-2: Quantum well schematic of an electrically pumped mid infrared intersub-
band laser. A voltage bias aligns the bands for electric pumping of the upper laser
level E 3 . Population inversion is assured by designing a faster phonon scattering rate
emptying the lower laser level E 2 than from the upper laser level.
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Figure 1-3: Quantum well schematic of an optically pumped mid infrared intersub-
band laser. Electrons are optically pumped from the ground state Ei to the upper
laser level E3. Population inversion is assured by designing for a faster phonon scat-
tering rate emptying the lower laser level E2 than from the upper laser level.
designing the intersubband spacing E2 - E1  hwLo for LO phonon resonance to
quickly depopulate E 2.
For longer wavelength lasers, optical pumping has the advantage of higher selec-
tivity in populating energy levels while avoiding the free carrier losses associated with
contact regions. The electrically pumped scheme is also more difficult to design since
both electric and photonic transport must work properly [29]. The voltage is a free
parameter in the optically pumped scheme and can be used to tune the emission
frequency. On the other hand, electrical pumping is much cheaper and more efficient.
Our research group has pursued both pumping schemes in search of a far infrared
quantum well laser. The Ph.D. theses of Jurgen Smet [30] and Bin Xu [31] have been
devoted to developing an electrically pumped far infrared quantum well laser. The
optically pumped scheme is the subject of this thesis.
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1.4 Toward Far Infrared Quantum Well Lasers
The idea for this work began with a suggestion by Prof. Qing Hu to consider using
the giant nonlinear optical susceptibity x(2) of quantum wells to make an optical
parametric oscillator (OPO) in the far infrared [32]. An analysis of OPOs based on
quantum wells revealed that these devices must operate in the regime of high gain
and high loss [33]. This region of parameter space has some interesting properties
like oscillation without phasematching [34]. However, the high loss also means that
exceedingly high threshold pump powers would be necessary. As we began to realize
that OPOs based on quantum wells are not practical, the idea of a laser crystallized.
Indeed, since the gain of a laser depends on xM, a much stronger process than X(2),
one can expect that the threshold pump power necessary to reach oscillation in a
laser is much smaller. Calculation quickly verified our intuition and we embarked on
the path toward far infrared quantum well lasers. Having already gained experience
working with CO 2 lasers during the OPO project and considering the advantages of
optical versus electronic pumping, the fate of my Ph.D. thesis project was sealed.
This thesis describes my theoretical and experimental work toward optically pumped
far infrared quantum well laser.
The successful mid infrared quantum well laser served as an inspiration in the
beginning of this project. Indeed, one can envision scaling the mid infrared quantum
well laser designs to the far infrared by simply changing the well widths in Figure
1-3. As we shall see in later chapters, this logical approach was doomed to failure.
The difficulties of scaling a mid infrared quantum well laser to the far infrared are
somewhat analogous to the differences between semiconductor diode lasers operating
at - 800 nm for reading compact disks versus semiconductor diode lasers operat-
ing at ~ 1550 nm for fiber optic communications. The emission efficiency of the
longer wavelengths semiconductor diode lasers is an order of magnitude lower due
to increased Auger scattering [35]. Similarly, when one tries to scale intersubband
quantum well lasers from mid infrared wavelengths to the far infrared, the emission
25
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efficiency drops by many orders of magnitude. It becomes extremely difficult even to
measure spontaneous emission.
Initial measurements using a scaled version of the simple three energy level scheme
in a step quantum well yielded poor experimental results. The emission power was
very weak (~ 1 pV) and it was difficult to clearly resolve the spectrum. It became
evident that three level systems lack enough flexibility to optimize the gain and
emission efficiency. This lack of flexibility in three level designs comes from the
necessity to couple the C02 pump laser to the same transition E1 -+ E 3 that couples
the LO phonon scattering responsible for limiting the gain and emission efficiency.
It was necessary to abandon old ways of thinking to create new design ideas. We
realized that the real power of quantum wells as artificial atoms lies in more com-
plex designs involving higher energy level schemes [36]. We proposed and analyzed
a four level scheme using triple coupled quantum wells that effectively decoupled the
pumping rate from the LO phonon scattering rate appearing in the gain and emis-
sion efficiency. Thus, these two important rates could be optimized independently,
improving the gain and emission efficiency by an order of magnitude over previous
three level designs. Optically pumped intersubband far infrared emission experiments
verified the superior qualities of the four level system. The four level design exhibited
an order of magnitude stronger emission power. The stronger emission made possible
the first clear measurement of a far infrared spontaneous emission spectrum from
optically pumped quantum wells [37].
The emission measurements also revealed an important problem. The measured
emission power from both three and four level designs was an order of magnitude
weaker than expected. This discrepancy was identified as being due to heating ef-
fects. Heating of the electron gas can result in the opening of a parasitic LO phonon
scattering channel for electrons in the upper laser level. A new five level design scheme
using quadruple coupled quantum wells was proposed and analyzed to improve high
temperature performance by enhancing the scattering rate from the lower laser level.
26
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The five level scheme extends the temperature range of optically pumped far infrared
quantum well lasers beyond 100 K.
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Chapter 2
Intersubband Transitions in
Quantum Wells
2.1 Electron States in Quantum Wells
In this chapter we develop the analytical tools necessary to analyze lasers based
on intersubband transitions. We start with a brief description of electron states in
quantum wells. Block's Theorem asserts that the wavefunction of an electron in the
conduction band of a semiconductor must be of the form [38]
1
T (r) = F(r)U(r), (2.1)
where U(r) contains the periodicity of the crystal lattice and F(r) is a slowly varying
envelope function. In a perfect crystal lattice, the envelope function is a plane wave
F(r) = ikr (2.2)
meaning that electrons can move freely through the crystal. Imperfections such as
impurities, defects, and interfaces, introduce perturbations that break the perfect
periodicity of the crystal. Electrons can be bound in the local potential well created
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by such disruptions in the crystal lattice.
Artificially grown quantum well heterostrucures also introduce new energy states
where electrons are bound like in an impurity atom. The electron wavefunction is
still described by a Block state, with the caveat that the envelope function is spatially
localized in the quantum well
eikll-
F (r) = e @/',(z). (2.3)
The envelope wavefuction @On (z) is the bound state induced by the quantum well
heterostructure in the z direction. The plane wave eikivr reflects the fact that electrons
are still free to move in the xy-plane of the quantum well.
The Effective Mass Theorem allows us to calculate the energy levels and envelope
wavefunctions in a quantum well from a simple one dimensional Schr6dinger equation
h2 d 2
(- + V(z))@ (z) = En On (z) (2.4)2m* dz 2
where m* is the effective mass, V(z) is the potential profile of the quantum well
heterostructure, and En is the bound state energy. Including the kinetic energy of
motion in the xy-plane, the total energy of an electron in state (En, k1j) is
h 2k2
E = En + 2m. (2.5)
2m*
The effect of the quantum well potential is to quantize the conduction band electron
states into subbands. The wavefunctions corresponding to these electron states are
localized in the quantum well. This provides the physical basis for treating quantum
wells as artificial atoms. Thus, many useful concepts in atomic physics, like emission
and absorption cross section, can also be applied to quantum wells. This analogy
between atoms and quantum wells will be developed further in the derivation of laser
gain.
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It will be shown in later chapters that the optimum quantum well design for far
infrared lasers requires complex energy level schemes in triple and quadruple coupled
quantum well structures. A numerical solution of Schrddinger's equation is necessary
to solve for the energy levels and wavefunctions in these complex quantum well struc-
tures. The numerical approach we use involves transforming the wave equation into
a matrix equation [39]. The eigenvalues and eigenstates of the matrix equation corre-
spond to the bound state energy levels and wavefunctions of Schr6dinger's equation.
The matrix equation is solved by standard numerical algebraic methods. The second
order effects on electron energy levels and wavefunctions due to band nonparabolic-
ity are included using a perturbation technique [40, 41]. Once the electron energy
levels and wavefunctions are known, Fermi-Dirac distribution functions are used to
calculated the electron density in the quantum wells. The electron density feeds into
the Poisson equation. Solution of the Poisson equation gives a correction to the elec-
tron potential energy which is fed back into the Schr6dinger equation solver. Thus,
the Schrddinger and Poisson equations are solved self consistently by an iteration
procedure.
Before using the numerical simulation code in design, it is important to test its
accuracy against published data for a known quantum well structure. We tested our
code by comparing its numerical calculation results with experimental and theoretical
data published by Sirtori et. al. for an asymmetric double quantum well structure
[42]. Sirtori's structure is similar to our quantum well designs it terms of the quantum
well thicknesses, comparable doping levels, and the use of AlGaAs-GaAs material
system. Figure 2-1 shows our calculation of the energy levels and square of the
wavefunctions for Sirtori's structure. The double coupled quantum well structure is
composed of 61 and 70 A thick GaAs wells separated by a thin 20 A Alo.3 3 Gao.67As
barrier. A ground state sheet electron density of 4 x 1011 cm 2 is assumed. This
structure was designed for far infrared difference frequency mixing experiments. Dr.
Carlo Sirtori kindly provided us with a piece of his sample wafer to test our far
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Figure 2-1: The
double quantum
calculated energy levels and wavefunctions for Sirtori's
well structure.
asymmetric
Table 2.1: Comparison of calculation results.
| E2- E1 (meV) | E3- E1 (meV) I Z 1 2 (A) |Z 1 3 (A)
MIT (Author) 16.0
Bell Labs (Sirtori) 14.1
134.3
136.0
39.6
40.0
8.0
8.0
infrared experimental system (see Apendix A) and theoretical simulation code.
Table 2.1 shows a comparison of our calculation results for the energy levels and
dipole matrix elements against Sirtori's published results using the Bell Labs simu-
lation code. The calculated energy levels agree to within a few meV. The calculated
dipole matrix elements show excellent agreement, indicating very similar results for
the wavefunctions. The close correspondence between our calculation results and the
extensively tested Bell Labs simulation code verifies the accuracy of our numerical
approach for solving Schr6dinger's equation. This provides confidence that our cal-
culated energy levels and wavefunctions give an accurate representation of electron
states in quantum wells.
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2.2 Radiative Intersubband Transitions
Electrons bound in a quantum well can be induced to undergo transitions by absorbing
or emitting photons. The interaction Hamiltonian for this process is given by the
dipole interaction [43]
H = -eE(r, t) - r. (2.6)
The electric field must be quantized in order to accurately describe the interaction
between photons and electrons. According to the rules of quantum mechanics, each
mode of the electromagnetic field is quantized as a harmonic oscillator by replacing
the field amplitude by an operator. A photon is then defined as one quantum of
excitation in a particular mode.
The operator for a single plane wave mode with frequency w and wavevector r, is
given by [43]
E(r, t) = -i h [at -'- ae?"*-i"t] (2.7)2Ve
where we assume that the field is polarized in the z direction corresponding to the
growth direction of the quantum well. Only modes in this polarization direction can
couple to intersubband transitions [44]. The operators at and a are analogous to the
creation and destruction operators of a quantized harmonic oscillator [45]. They are
defined by the commutation rule [a,at]=1.
In a photon emission process only the term containing the photon creation oper-
ator at contributes to the interaction. The initial electron state is assumed to be in
subband Ej with in plane wavevector ki and the initial state of the electromagnetic
field is assumed to be in a photon number state nyh, abbreviated by (Ei, ki, nph).
The final state is assumed to be in state (Ef, kf, nph + 1). The electron-photon (or
phonon) scattering process is depicted schematically in Figure 2-2. The dipole inter-
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E
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Figure 2-2: The emission process of a photon (or phonon) in electronic intersubband
transitions between subbands Ej and Ef.
action Hamiltonian matrix element, abbreviated by Hif, is given by
Hif = ie Zifei"' nh + 1. (2.8)
Integration over r in the plane of the quantum well gives a vanishing result for Hif
unless ki = k1 + r,. This is a statement of momentum conservation. Since photons
carry very little momentum, only vertical transitions ki = kf are allowed. The vertical
transition selection rule for electron-photon scattering is not universal and will be
relaxed when we discuss electron-phonon scattering.
The strength of the dipole interaction is characterized by the dipole matrix element
Zif defined by
Zif = dz*(z)zVbi(z). (2.9)
The dipole matrix element is roughly the size of the quantum well. Thus, quantum
wells look to photons like giant atoms with Z - 10 - 100 A in comparison to a
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Figure 2-3: For a photon with hw ~ E - Ef, the ensemble of electrons in subband
Ej looks like a collection of two level atoms with cross section o-if.
Hydrogen atom Z ~ 1 A.
2.2.1 Stimulated Emission and Gain
The transition rate between states (Ei, ki, nph) and (Ef, kf, nyh + 1) induced by the
dipole interaction is calculated by Fermi's Golden Rule [46]
27r 7re2 wZif(nph + 1)
Wi f = 2rHi|26(Ei - Ef - hw) = VE 6(Ej - Ef - hw), (2.10)
h Ve
where the delta function enforces conservation of energy. This delta function can
be replaced by a Lorentzian lineshape to include broadening effects due to finite
lifetime and dephasing scattering. The term proportional to photon number nyh is the
stimulated emission rate. Including the broadening effects, the stimulated emission
rate is given by
Wtm _ e z 2 (2.11)
2
-VE (Ei - Ef - hw) 2 + (11)2' (.1
where r is the full width at half maximum (FWHM) or transition linewidth. The
linewidth F is an important parameter, generally obtained from emission or absorption
spectroscopy experiments.
We have calculated the transition rate for a single electron in some initial state
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(Ei, ks). For the calculation of gain, we must add up the stimulated emission rate
of every electron undergoing stimulated transitions from subband Ej to subband Ef.
Note however that the stimulated emission rate Wj7 does not depend on ki. Thus,
ignoring the small effects of nonparabolicity, every electron on subband Ej gives the
same contribution to the stimulated emission rate. As shown in Figure 2-3, we can
think of all the electrons in subband Ej as a collection of atoms in the same state.
This simplifying analogy allows us to borrow the concept of emission cross section
from atomic physics [47]. The emission cross section is defined by
hwWi-f
Uif (2.12)
where
I = hw h (2.13)
is the photon energy flux. The group velocity v9 of a photon is simply the speed of
light in the material. Thus, the emission cross section is given by
Se2 WZ 2  r
- = -if 2 (2.14)
ceon (Ei - Ef - hW) 2 + (E)2
The gain is obtained from the emission cross section by g = Aniff, where Anif
is the population inversion between the subbands. We often make calculations in
terms of a two dimensional sheet electron density p. The population inversion is then
written as Anif = (pi - pf)/L, where L is the quantum well width. Finally, since
the laser mode is generally not perfectly confined in the multiple quantum well active
region, we must multiply the single well gain by the confinement factor Yconf [35].
The mode confinement factor will be defined more precisely in Chapter 3. Thus, the
total gain is given by
e2wZ& (pi - pf)Yconf r
g = 2  (2.15)ceonL (Ei - Eg - ho)2 + (E)2'
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Subband nonparabolicity effects were ignored to simplify the derivation of gain.
This simplification is justified for far infrared transitions in GaAs, where the non-
parabolicity effect is very weak. A perturbation technique can be used to include
nonparabolicity as a small correction to the energy levels and dipole matrix element
in the gain expression [41]. In materials such as InGaAs, where nonparabolicity is
much stronger, a more rigorous density matrix analysis must be used to derive the
gain lineshape. Strong nonparabolicity effects lead to additional broadening and an
asymmetrical gain lineshape [48].
2.2.2 Spontaneous Emission
The spontaneous emission rate plays an important role in the analysis of lasers because
the emission efficiency below threshold depends on a ratio of spontaneous emission
rate to nonradiative scattering rate. The spontaneous emission rate into a single
mode (u, rK) is obtained by taking nph = 0 in equation 2.10. The term "sponta-
neous" actually conceals the real physics behind this process. Spontaneous emission
is really stimulated emission due to ever present vacuum fluctuations in the electro-
magnetic field [49]. The total spontaneous emission rate is calculated by summing
the emission into every possible electromagnetic mode in the cavity that couples to
intersubband transitions. The total spontaneous emission rate from subband Ei to
Ef is thus calculated to be [30]
1 e2 nw3 Z 2
Wspon - = ifVif= = 7rC3eh (2.16)
In the calculation of 1V" we assumed a 3D density of states for the electromagnetic
field. This assumption is justified in our emission experiments (see Chapter 5) where
the waveguide dimensions are much larger than the emission wavelength.
One way to improve the emission efficiency is to use a microcavity designed to
enhance the spontaneous emission rate. For example, if the vertical (z direction)
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dimension t of the waveguide is made smaller than the wavelength, the spontaneous
emission is more strongly coupled to modes with the correct polarization. The total
spontaneous emission rate is then enhanced by a factor of 2 [50, 31].
Changing to a material with smaller effective mass can also enhance the sponta-
neous emission rate. A semiconductor with smaller effective mass requires a larger
well width to maintain the same intersubband energy separation. Thus, the dipole
moments are enhanced by a factor of ~ V ^ when the well material is changed
from GaAs to InGaAs. All of our quantum well designs were grown using GaAs
because molecular beam epitaxy is more available for the AlGaAs-GaAs material
system. However, since InGaAs has a smaller effective mass, the InAlAs-InGaAs ma-
terial system may be a good choice for future work. The effective mass also plays a
role in electron-phonon scattering as we shall see next.
2.3 Phonon Intersubband Scattering
The electron-phonon interaction is the most important nonradiative scattering mech-
anism in intersubband transitions. For a given pumping rate, the phonon scattering
rates determine the subband populations, gain, and emission efficiency of quantum
well lasers.
The lattice vibrations in a semiconductor crystal are quantized in a similar manner
as the electromagnetic field. Each mode is treated as a quantized harmonic oscillator
by replacing classical amplitudes by creation and destruction operators. A phonon
is defined as one quantum of excitation in a particular mode. The electron-phonon
interaction is the mechanism by which electrons can be induced to undergo intersub-
band transitions by absorbing or emitting phonons. The electron-phonon interaction
Hamiltonian is given by [15]
H = -iq*bl + ei-rbq), (2.17)
q
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where bl and bq are the creation and destruction operators for a phonon in mode q,
and a(q) is the interaction strength. The sum is over all possible phonon wavevectors
q since we are interested in calculating the total scattering rate.
Lattice vibrations can be polarized transverse or longitudinal relative to the prop-
agation direction. The dominant contribution to the electron-phonon interaction in
GaAs comes from modes polarized in the longitudinal direction. The perturbation
potential due to lattice deformation by long wavelength longitudinal acoustic vibra-
tions is the most important interaction for small energies. The longitudinal acoustic
(LA) phonon interaction strength is given by
|a(q)|2 hwD (2.18)
where D is the deformation potential, p is the density, V is the crystal volume,
and c, is the longitudinal sound velocity. For polar semiconductors like GaAs, the
Fr6hlich interaction gives rise to longitudinal optical (LO) phonon scattering. LO
phonons have a strong resonance at 36 meV in GaAs. Thus, in contrast to the linear
dispersion relation of LA phonons w = cq, the dispersion relation of LO phonons is
approximated as a constant w = WLO. The Fr6hlich interaction strength is given by
|a(q)12 = hLoe2  (2.19)2Ec.EoVq 2
where t, and c, are the high frequency and static dielectric constants. The 1/q 2
dependence means that the Fr6hlich interaction is greatly enhanced when the phonon
momentum is small. It is also important to note that at low temperatures, when
electrons occupy states close to the bottom of the subbands, LO phonon scattering
can only occur for subband energy separation equal to or greater than the LO phonon
energy hwLO.
For the phonon emission process, we only need the term containing the phonon
creation operator in the interaction Hamiltonian. The interaction Hamiltonian matrix
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element connecting states (Ei, ki, nph) and (E1 , kf, nph + 1) is then calculated to be
Hi1 = a(q)Agg(q.) nph + 6 k1 -k,q, (2.20)
where Af (q,) is a form factor
r+00
Aif (qz) = dz@*(z)e--42iz) (2.21)
As in the calculation of the dipole interaction matrix element, integration over r in
the plane of the quantum well gives a vanishing result for Hif unless conservation of
momentum ki = k1 +qj1 is preserved. Since phonons can carry comparable momentum
to electrons, we cannot ignore q1 . In contrast to radiative transitions, phonon induced
transitions need not be vertical in k space. The form factor Aif (qz) has the appearance
of a Fourier transform of ,(z)@i(z). Thus, since the electron wavefunctions are
localized in the quantum well, we expect Agg(qz) to be sharply peaked at q.,
Physically this means that only those phonons with wavelength comparable to the
quantum well width interact strongly with the bound electrons.
Fermi's Golden Rule is used to calculate the phonon scattering rate of electrons
from state (Ei, ki, nph) to (EF, kf, nph + 1). Summing over all possible final electron
states kf, we get
1 27- 21 h2 2 2)_h .1-= E E Ia(q) J2 Agg(qz) (nph + 1)6ki-kf,qj1 (Ei - Ef + 2m* (k- - k) - h).
Tj1  h kf %q i,
(2.22)
The summation is converted to an integral in reciprocal lattice space in the usual man-
ner. Figure 2-4 shows the geometrical relationship between the wavevectors required
for conservation of momentum. Thus, we get for LA phonon scattering
1 D2 +00 27 +oh2
LA 8 r2pc2 __ dqzl'Af d dkfkfw(nph+1)6(Ei-E+2m(k -ki)-hw),
(2.23)
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Figure 2-4: The geometrical relationship in reciprocal lattice space required for conser-
vation of momentum. The total phonon scattering rate from state (Ei, ki) is obtained
by summing the scattering rate to all final electron states (Ef, kg). This involves an
integration over 6.
where
w = cI q + = cS + k? + k - 2kikfcosG, (2.24)
and nph is the Bose-Einstein phonon occupation probability
n1 = , . (2.25)
enT - 1
We indicated above that only phonons with A ~ or hw ~ hL ~ 1 meV interactL L
strongly with electrons. Thus, LA phonon modes begin to fill up at a relatively low
temperature kT -~ 1 meV. LA phonon scattering increases quickly with tempera-
ture even in cryogenic conditions. This temperature effect is absent in LO phonon
scattering, where hW = hWLo > kT up to room temperature. However, LO phonon
scattering suffers from a high temperature threshold phenomenon as intersubband
transition energies approach the LO phonon energy. We will study high temperature
effects on LO phonon scattering in Chapter 4.
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The simple dispersion relation of LO phonons allows us to take advantage of the
energy conserving delta function to simplify the integration. Using the dispersion
relation hw = hwLo and transforming integration over kf to an integration over
energy, we get for LO phonon scattering
1 m*e2 LO(E, - c ) 27r +oo +oo e-qIzz'I
Lh 2O nphcc ( dO f dzq f (z) i (z) z Of
Tif 2 .Es0oo 0 -oo -oQj
(2.26)
where
q1 = Vk? + k 2 - 2kikfcos6 (2.27)
is the phonon momentum in the plane of the quantum well. LO phonon scattering
has a - dependence on phonon momentum. Thus, LO phonon scattering is especially
strong for transitions near the F point when the subband separations are close to the
LO phonon energy Ej - Ef hWLO. In this case the transitions are almost vertical
requiring phonons with small momenta.
It is interesting to consider the dependence of LO phonon scattering on effective
mass. On the surface equation 2.26 seems to imply a direct oc m* dependence on ef-
fective mass. However, we must also take into account the effective mass dependence
of exchange momentum in the -L term. The exchanged momentum is smaller forqjj
reduced effective mass, leading to an additional dependence in the LO phonon
scattering rate. We still win by going to a material with smaller effective mass. The
LO phonon scattering rate is reduced when going from GaAs to InGaAs by the factor
~m"a^A. This is an important consideration in choosing materials since weaker
nonradiative scattering leads to a higher population inversion and emission efficiency.
The dependence of population inversion and emission efficiency on nonradiative scat-
tering is derived in the next section.
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Figure 2-5: The three level system. Electrons are pumped from the ground state Ei
to E3. Population inversion is created between subbands E3 and E2 by engineering a
faster phonon scattering rate - than -. The phonon scattering rate - also plays712 T23 T1 3
an important role in determining the magnitude of gain and emission efficiency.
2.4 Rate Equation Analysis
2.4.1 Three Level System
The phonon scattering rates determine how fast excited electrons decay down to the
ground state. This population relaxation is balanced by the optical excitation or
pumping rate. A steady state population inversion can result for certain favorable
ratios of phonon scattering rates. We first analyze the simple three level system
shown in Figure 2-5. In the three level scheme, electrons are optically pumped from
the ground state Ei to E3 . Population inversion is ensured by designing a faster
depopulation rate of the lower laser level -L than the scattering rate from the upper
laser level 1.
t23
The steady state subband population densities are calculated using a rate equation
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analysis. The rate equations for the three level laser below threshold are given by
dP3 _1 1 1
- 1 P (- + -)P3, (2.28)dt Tr 7 13  T23
dp2  1 1d = P3 - -P2, (2.29)dt r23 T12
dp 1 1 1dp= 
- P + -P2 + -P 3 , (2.30)dt r, ri2 713
where
1- IpU3 (2.31)
is the optical pumping rate from Ei to E3. The pump absorption cross section -13
is defined similarly to the emission cross section and I, is the pump laser intensity.
Note that we have ignored the stimulated emission rate for the laser transition since
below threshold it is much smaller than the nonradiative phonon scattering rates.
The population inversion is obtained in steady state by setting A = 0, resulting
in
P3 - P2 = (1 -) 3 Pi, (2.32)
7 23 Tp
where
1 1 1
+1 = T23  (2.33)r3O T13 T2 3
is the total scattering rate from level E3. The steady state subband population pi
is obtained from the additional constraint Pi + P2 + P3 = Pe, where pe is the total
electron density in the quantum well when the pump laser is turned off. Thus, the
complete expression for population inversion is
t1 ot P
P3 - P2= (1- 0t712. (2.34)
r2 3 rp 1 + iL+ 1T
p 7237p
We see that population inversion is only possible when the scattering rate - is
faster than the scattering rate -L. This means that the depopulation of the lowerT23
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laser level must be faster than the relaxation from the upper level. Note also that
the magnitude of population inversion is directly proportional to a ratio of optical
pumping rate to the the total phonon scattering rate from the upper laser level -r.
This ratio also determines the maximum pump intensity for saturation of the pump
transition. Equation 2.34 implies that the population inversion at saturation can
never exceed -.
The emission efficiency also depends critically on the phonon scattering rates. The
total spontaneous emission power for intersubband transitions from E3 -+ E 2 is given
by
tIW23P3 tot PiIem o2 n =hW23 Pon (2.35)72 3 T2 3 TP
Using the expression for - in terms of I, and taking a ratio of spontaneous emission
power to pump power, we get the spontaneous emission efficiency
13L - em - 13P1 hW23 To,. (2.36)
Ip h.13 .23o
The emission efficiency depends most importantly on a ratio of spontaneous emission
rate to the fastest nonradiative (LO phonon) scattering rate from the upper laser level
. This scattering rate plays an important role in limiting the maximum emission
efficiency and gain. The pump absorption cross section a13 is also an important factor
in both emission efficiency and gain. A major deficiency of three level systems is the
necessity to use the same transition for the pump laser E1 -+ E 3 that also governs
the dominant parasitic LO phonon scattering path.
2.4.2 Four Level System
Although the three level system is the simplest to design, we will see in Chapter 3 that
it is by far not the ideal system for achieving a laser. The higher complexity of the four
level system, shown in Figure 2-6, can be used to our advantage in optimizing the laser
gain and emission efficiency. In the four level design, electrons are pumped from the
450
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Figure 2-6: The four level system. Electrons are pumped from the ground state Ei
to E4 , followed by a fast relaxation to subband E3. Population inversion is created
between subbands E3 and E2 by engineering a faster phonon scattering rate - than
-L- and -L. The phonon scattering rate -- also plays an important role in determining
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the magnitude of gain and emission efficiency.
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ground state Ei to subband E4, followed by a fast LO phonon scattering to subband
E3 . A population inversion is created between subbands E3 and E2 by engineering
a faster phonon scattering rate -L than 1 and -. The phonon scattering rate 1712 723 T24 13
also plays an important role in limiting the magnitude of gain and emission efficiency.
However, in the four level design, the pump transition can be decoupled from the
dominant parasitic LO phonon scattering channel.
The rate equations for the four level design are given by
dp4  1 1 1 1
= -1 - (- + - + -)p4, (2.37)dt Tp 7 14 T24 T34
dp3
dt
dp2
dt
1 1 1
-P4 - (-- + -)p3,
734 T13 T23
1 1 1
(2.38)
(2.39)
-P4 + -P3 - -P2,
T2 4 T23 T12
dpi 1 1
dt - -p1 + -p2±+dt Ty T12
The population inversion between levels E3 and
in steady state by setting -j = 0, resulting in
Tttot
P3 P2 = (1 - -)
T34  T23
where
Pe
The spontaneous emission efficiency of the four
the three level case,
1 1
-P3 + -P4. (2.40)
Ta T14
E2 in the four level system is obtained
T12  T4ot
T2 4 ) Tp
(949)
LU+ 2r3T1 '
level system is calculated similarly to
hw 23 T4tot ot
hw14 73 4 T233
(2.41)
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Figure 2-7: The five level system. Electrons are pumped from the ground state Ei
to E5, followed by a fast relaxation to subband E4 and E3. Population in-version is
created between subbands E3 and E2 by engineering a faster phonon scattering rate
-' than -L -L and -L. The phonon scattering rate -1 also plays an important role
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in determining the magnitude of gain and emission efficiency.
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2.4.3 Five Level System
Five level systems will be studied in Chapter 4 with the view of optimizing high
temperature performance. Of particular interest will be the five level system shown
in Figure 2-7. In the five level design electrons are pumped from the ground state Ei
to E5, followed by a fast relaxation to subband E4 and E3. Population inversion is
created between subbands E3 and E2 by engineering a faster phonon scattering rate
1 than 
-, -I and 1.T12 T23 'T24 T25
The rate equations for the five level design are given by
dp- 1 1 1 1 1
* = -pi - (-- + - + - + - )p, (2.44)dt T r 15  725  35  745
dp4  1 1 1 1
- p - (- + - + -)p4, (2.45)
dt 745 714  724  734
dp3  1 1 1 1
= -- p5 + -- P4 - (- + -)p3, (2.46)dt T 5  34 T 3  7123
dp 2 1 1 1 1 1
= -po + -p4 + -pa - -- P2, (2.47)dt T25  2 2 1
dpi _ l 1 1 1 1
--- P + -P2 + -P3 + -P 4 + -ps. (2.48)dt r, r1 2 7ia T14 7 i5
The population inversion between levels E3 and E2 in the five level system is obtained
in steady state by setting d = 0, resulting in
/ tot Ttot tot 71 1 1Ttot tot
P3P2 + 1 2  T122  1 2 4 )1 5-- Pi, (2.49)
T35  734745 T23  T25  T2 474 5 )p
where
P = Pe ot ot (2.50)(1+ +~-( + IL + + +r''3o + r45t't2 + +3o'l 7-4 r3T 12)
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The spontaneous emission efficiency of the five level system is calculated to be,
tot tot tot tothW23 T5 0 T5 0 T 4 " T3 *75L = -15P1h ( + ) ,,o. (2.51)
hW15 735  T34T 45 7(123)
Even though the formulas get much more complicated as we go to higher energy
level schemes, there are several important factors that remain constant. The popu-
lation inversion always contains the factor 1 - E. This factor plays a crucial role in
the temperature dependence of the laser as we shall see in Chapter 4. Saturation is
always obtained when the pump rate becomes comparable to the total decay rate of
the pump transitions, i.e. TI, Tot, where j= 3, 4, or 5 depending on the energy level
scheme that is used. This saturation condition determines the maximum population
inversion possible in our system. Note that the maximum population inversion can
never exceed . The emission efficiency is proportional to the spontaneous emission
rate divided by the total nonradiative decay from the upper laser level 4.
Although our discussion was aimed at elucidating the basic features of energy level
schemes for optically pumped quantum well lasers, it is quite general. In particular,
we showed how the nonradiative scattering rates limit the performance of any laser
system. We conclude with the axiom that material systems with slower nonradiative
scattering rates are generally more efficient and require lower pump power to achieve
inversion.
Chapter 3
Quantum Well Laser Design
3.1 Introduction
Intersubband transitions in quantum wells hold excellent qualities for realizing a far
infrared laser [29, 21]. Since quantum wells are artificially grown structures, the
intersubband transition energies can be designed for far infrared frequencies. The
wavefunctions, dipole moments and phonon scattering rates can be tailored by band
gap engineering of multiple coupled or step quantum wells. The LO phonon resonance
in GaAs at hWLo = 36 meV is particularly suitable for phonon engineering popula-
tion inversion at far infrared frequencies < 36 meV, where LO phonon scattering is
suppressed [14, 51, 52]. In this chapter, we analyze the physics of far infrared quan-
tum well lasers and spontaneous emitters. Our goal is to arrive at the best possible
design to maximize population inversion, gain and spontaneous emission efficiency.
One may envision designing an optically pumped far infrared quantum well laser
by "scaling" the successful mid infrared laser designs to longer wavelengths. The
mid infrared quantum well laser designs employ simple three level energy schemes
which are easily scaled to the far infrared. Following this logical approach, several
researchers carried out optically pumped far infrared spontaneous emission experi-
ments [53, 54]. Such measurements are crucial first steps in the development of a
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laser because the strength of the emission or emission efficiency gives an indication
of design performance. The emission spectrum also provides verification of the de-
sign emission frequency and linewidth. Unfortunately, a decisive measurement of far
infrared spontaneous emission has proven to be problematic.
There are several experimental difficulties, like inherently low far infrared emission
efficiency, low collection efficiency and sample heating, that may have contributed to
the poor results. Another reason may be that previous designs have focused only
on optimizing the gain [55, 56]. Although both gain and emission efficiency are
proportional to the product of pump and emission transition cross sections, their
dependence on the phonon scattering rates is very different. In this chapter, we
propose and analyze a new four level quantum well design scheme. It is shown that the
new design can be optimized using phonon engineering to enhance both the gain and
emission efficiency by an order of magnitude over previous designs. Special emphasis
is given to the discussion of emission efficiency because this concept is crucial for
understanding the experimental results we present in Chapter 5.
3.2 Three Level Scheme
We first analyze the simple three level design to understand why previous researchers
had difficulty in measuring optically pumped far infrared intersubband emission. Fig-
ure 3-1 shows a prototype Alo.33Gao.67As -GaAs coupled double quantum well struc-
ture in analogy with the mid infrared laser design [57]. The energy levels and wave-
funtions are calculated numerically by solving Schr6dinger and Poisson equations
self consistently [39]. The wavefunction solutions are then used to calculate the inte-
grals in the phonon scattering rate formulas. We assume low temperature (~,, 4.2 K)
operation to isolate the most important physics and to simplify calculations.
When a pump laser is tuned to the E1 -+ E3 transition, electrons are excited from
the ground state Ei to level E3 . The steady state populations of levels Ei, E2 and
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Figure 3-1: Double coupled quantum well structure for the three level design with
a sheet electron density of 3 x 10" cm- 2 . The calculated transition energies are
AE13= 120.3 meV, A E12 = 95.5 meV and A E23 = 24.8 meV. The calculated dipole
matrix elements are Z12 = 20.4 A, Z 23 = 45.9 A and Z 13 = 9.6 .
E3 are determined by the fastest decay rates in the system. At low temperatures,
LO phonon scattering leads to the fastest decay rate (- 1ps) for energy separations
> 36 meV [15, 58]. Longitudinal acoustic (LA) phonon scattering gives the fastest
decay rate (- 100ps) for far infrared transitions < 36meV [59, 60]. The lasing
transition E3 -+ E2 is designed such that E 3 - E 2 < 36 meV to ensure a population
inversion Ap2 3 = (1 - U2)P3 . The far infrared spontaneous emission efficiency ofT23
the three level design was derived in Chapter 2. The formula is repeated here for
convenience
23Ttot
73L W 3 13 (3.1)
W1 3 T2 3
where O-13 is the cross section for absorption of a pump photon by an electron making
transitions from E1 -+ E 3, Pi is the ground state sheet electron density, - is the
total nonradiative decay rate from level E3 and 1 is the spontaneous emission rate
for the E 3 -+ E2 transition. We showed in Chapter 2 that spontaneous emission has
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an w 3I dependence. Thus, including the Manley-Rowe factor, the emission efficiency
73L has an wss dependence. Because of this unfavorable scaling factor, the far infrared
emission efficiency is many orders of magnitude lower than in the mid infrared. For
example, in the three level quantum well design of Figure 3-1, o-13 = 1.0 x 10-14 cm 2,
pi = 3.0 x 101l cm 2 , W2 3 /w13 = 0.20, T"' = 1.4ps and T23d = 2.4 ps, yielding a
single well emission efficiency of 3.7 x 10-10. In practice, the total efficiency is much
lower because of poor far infrared collection efficiency [4].
It is difficult to see how one can improve '3 by modifying the design of the three
level system. Increasing the doping density to increase pi is not a good option because
of free carrier absorption [57, 61]. Increasing the dipole matrix element Z 13 to increase
the pump absorption cross section U13 means designing a stronger overlap between
wavefunctions in levels Ei and E3 . However, this also leads to a faster LO phonon
scattering rate i-. It is also problematic to improve the Manley-Rowe factor w23/w13
since the C02 pump laser is only tunable in a narrow frequency range ~ 110-135
meV.
3.3 Four Level Scheme
Here is where the power of the quantum well as an "artificial atom" comes to our
rescue. With quantum wells we have the ability to design wavefunctions and phonon
scattering rates. However, the simple three level scheme does not give us enough
flexibility to take advantage of this power. We will now show that increasing the
complexity of our design by going to a four level scheme will greatly improve our
flexibility to design a larger emission efficiency [36, 62].
The prototype four level design is shown in Figure 3-2. This design employs three
coupled quantum wells. The well widths basically determine the energy levels while
the barrier widths determine the strength of the coupling between wavefunctions.
Electrons are optically pumped from the ground state Ei to E4. E4 - E3 is separated
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Figure 3-2: Triple coupled quantum well structure for the four level design with
a sheet electron density of 3 x 1011 cm 2 . The calculated transition energies are
AE14 = 119.8meV, A.E13 = 83.8meV, A E12 = 58.2meV and A/E23 = 25.6meV.
The calculated dipole matrix elements are Z 1 2 = 9.5 A, Z 2 3 = 34.4 A, Z 1 3 = 6.6 A,
Zi4 = 18.9 A, Z 34 = 22.9 A and Z 24 = 10.6 A.
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by approximately one LO phonon energy so that electrons quickly decay from E4
to E3. The laser emission occurs between levels E3 and E2 at hw3 2 -- 25 meV.
Electrons quickly decay from E2 to the ground state because E2 - E1 > 36 meV. The
spontaneous emission efficiency for the four level design is given by
W23 40 tot774L = 0'14P1 2 T j 32
W14 73 4 T23d
At first sight it looks like this result is worse than the three level case because of
the extra ratio 2. Actually it is this extra ratio that allows us to bypass a major
deficiency of the three level design. We have designed the scattering rates such that
is the dominant contribution to 1 so that ' 1. Thus, the absorption of the734 7-t t 34
pump o-14Pi is effectively decoupled from the LO phonon scattering rate 1#. We can
T3
increase the dipole matrix element Z'14 to increase o14 xC Z 2 without effecting 1I~
This gives us the extra flexibility to increase the emission efficiency over previous
designs.
Figure 3-3 shows a calculation of emission efficiency as a function of electron
density for the four level design in Figure 3-2. For comparison, we have also included
the results for the three level design of Figure 3-1. The pump absorption cross section
was calculated on resonance with a linewidth of I' = 6 meV. The four level scheme
gives an order of magnitude improvement at the optimum electron density of pi ~
3.0 x 101 cm-2 . We also observe a resonance effect as the electron density is varied
and E4 - E3 gets close to the LO phonon energy. This shift in energy levels can
be understood in the tight binding approximation since electrons in subband E4 are
localized in the same well as the ground state E1 while electrons in E3 are mostly
localized in the rightmost well. Thus, increasing the ground state electron density
will tend to lower E3 with respect to Ei much more than E4. The emission efficiency
of the three level scheme increases almost linearly with pi and starts to catch up
with 74 at higher electron densities. One can always design the optimum alignment
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Figure 3-3: Comparison of emission efficiency for the three level and four level designs
as a function of electron density in the ground state of the quantum wells. The peak
in emission efficiency of the four level design is due to the optimal alignment of
E4 - E3 ~ 36meV at pi - 3 x 101 cm-2.
of the four level system E4 - E3 - 36 meV to occur at higher electron densities to
increase the peak population inversion. However, there is a trade off since free carrier
absorption loss also increased with electron density oc pe [57, 61].
The same physics that allows us to improve spontaneous emission also leads to
larger population inversion and gain. The population inversion for the four level
design is given by
-Ap23 =ot ( - 72 _12 ) pi ,
34 T2 3  724  Tp
where = is the pump rate of electrons from E1 -+ E4,1Tp hWP
(3.3)
Pe
( + +7-'0 + 19 +____"l
+p T4 T4 734T
(3.4)
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Figure 3-4: Comparison of population inversion for the three level and four level
designs as a function of electron density in the ground state of the quantum wells. A
pump intensity of 3.2 kW cm- 2 is assumed, corresponding to 1 Watt of pump power
focused to a 200 pm diameter spot. The peak in population inversion of the four level
design is due to the optimal alignment of E4 - E3 - 36 meV at pi ~ 3 x 101 cm-2.
58
E
0
0
0
CO
0-
0
0'-
1.5
CHAPTER 3. QUANTUM WELL LASER DESIGN
and pe ~ 3 x 101 cm-2 is the total electron density in the quantum well. We de-
signed the phonon scattering rates such that L >!'I, T 3 7, 2 and '-' 1, so thatT34 r24 T734 T23 T34
P23 2 Pi ~- Thus, as in the design of emission efficiency, Iot can be optimized
independently from the pump absorption cross section. Figure 3-4 shows the cal-
culated population inversion. A pump intensity of I, = 3.2kW cm- 2 is assumed,
corresponding to 1 Watt of pump power focused to a 200 pm diameter spot. The
population inversion of the four level design is an order of magnitude larger at the
optimum electron density of pi - 3.0 x 101 cm-2. The larger population inversion
transfers directly to a larger gain.
3.4 Gain and Loss
Laser mode confinement is as critical as population inversion for achieving high gain.
Confinement of long wavelength A - 30 - 300 pm far infrared radiation is difficult
using standard semiconductor diode laser waveguide technology. The confinement
factor reflects the overlap of the laser mode with the active region
c factive Ez| 2d z (3.5)7con/ 
~ f00I E12 dz
In the shorter wavelength quantum cascade lasers, the index of refraction difference
between the InGaAs active region and the InP substrate provides confinement for the
laser mode. This method does not work in AlGaAs-GaAs material systems because
the GaAs substrate has a higher index of refraction than AlGaAs. However, even in
InGaAs-InP based material systems the index of refraction difference is too small to
provide sufficient confinement in the far infrared. Growing multiple layer cladding
regions to achieve confinement using Bragg reflectors is not practicable in the far
infrared because of prohibitively long MBE growth.
Metallic confinement is probably the only feasible way to confine far infrared
radiation [31]. Figure 3-5 shows the laser waveguide structure based on metallic
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Figure 3-5: Optically pumped far infrared quantum well laser waveguide structure.
The rectangular slab waveguide is covered by metal on the bottom surface and a
grating on the top surface. The grating is used to couple the C02 pump laser to
intersubband transitions in the quantum wells.
confinement. The rectangular slab waveguide is covered by metal on the bottom
surface and a grating on the top surface. A slab waveguide is formed by selectively
etching the substrate material, leaving only a thin ~5 pm active region. Metal
is deposited on the bottom surface and a grating is fabricated on the top surface
using conventional photo lithography and lift off process. The period of the grating
is designed to couple the pump laser into the first order Bragg mode, i.e. A = -
[63]. This grating acts like a mirror for longer wavelength far infrared radiation. The
active region is assumed to be composed of 100 quantum well periods separated by
200 A barriers. Two buffer layers of 5000 A separate the active region from the surface.
The confinement factors for the three level and four level designs are calculated to be
0.326 and 0.412 respectively. The difference being due to a larger total well width in
the four level design relative to barrier width.
The gain is proportional to the product of emission cross section, population
inversion and confinement factor
g = 0 23Z'P23 con, (3.6)
Figure 3-6 shows the calculated gain corresponding to the population inversion of
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Figure 3-4. The gain was calculated at the maximum of the Lorentzian lineshape
assuming a 6 meV linewidth. The gain of the four level design is an order of magnitude
larger than in the three level scheme at the optimum design point E 4 - E3~ 36 meV.
Thus, four level designs are capable of achieving gains of - 40 cm-1 for pump powers
of ~1 Watt.
Much larger gains are possible in pulse mode by using a high peak power Q-
switched CO2 pump laser. We derived the condition for achieving maximum pop-
ulation inversion in Chapter 2. It is obtained when the pump power approaches
saturation of the pump transition, i.e. T - 714 . Inserting this value of r into equa-
tion 3.4, we get AP23 ~ " at saturation. The maximum population inversion can
never exceed half of the total electron density in the quantum wells. The gain corre-
sponding to the maximum population inversion available in our four level design is
approximately -237conf jj 740 cm- 1 .
It is interesting to compare the projected gain with the total loss in the system.
Since optically pumped lasers do not require highly doped ohmic contact regions, free
carrier absorption losses are minimized. For the low electron densities we considered
above, the free carrier absorption loss is given by [41]
afc = ( hoJ2 n, (3.7)
hw 2 3  CT
where hwo ~ 10 meV is the plasma frequency, hw2 3 ~ 25 meV is the laser frequency,
T ~ 0.5ps is the fastest scattering time, and c is the speed of light in GaAs. The
n
plasma frequency is calculated using an average three dimensional electron density
of 1.5 x 1017 cm-3. Thus, free carrier absorption loss is estimated to be - 40 cm-1.
Transverse optical (TO) phonon scattering loss is very small at low temperatures
~ 1 - 5 cm-' [6]. The remaining loss is due to facet output coupling ln(R), where R=
0.33 in GaAs. Assuming a waveguide length of 0.1 cm, we get an output coupling loss
of ~- 11 cm- 1. The total loss including free carrier absorption, TO phonon scattering,
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Figure 3-6: Comparison of gain for the three level and four level designs as a function
of electron density in the ground state of the quantum wells. The gain is calculated
using the population inversion of Figure 3-4. We assume a 6 meV linewidth for the
E 3 --+ E 2 transition.
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and output coupling loss is thus estimated to be ~ 50 -60 cm 1 . It would be difficult
to overcome this loss using a C02 pump laser in continuous wave mode because of
heating effects [31]. However, a Q-switched C02 laser operates with very low average
power (10-100 mW), while providing high peak power 300 nanosecond pulses. Thus,
gains of 100 cm 1 or more should be possible in pulse mode.
3.5 Concluding Remarks
We found that four level systems offer greater flexibility than three level systems
to optimize the gain and emission efficiency of far infrared quantum well lasers. The
power of quantum wells as "artificial atoms" is clearly evident in more complex design
structures. One may wonder if there are additional advantages in going to an even
more complex energy level scheme. In practice, the limited tunability of the C02
laser puts a constraint on the kind of energy level schemes we can employ. A five
level scheme is as high as one can go assuming that all pairs of successive energy
levels, except for the lasing transition, must be separated by at least one LO phonon
energy.
Can a five level system offer any advantages over our four level design? Intuitively,
the answer is no because extra energy levels will in general add extra phonon scattering
paths which will lower the gain. However, it turns out that certain five level designs
can be advantageous in improving the high temperature performance of far infrared
quantum well lasers without lowering the peak gain too much. We will focus on the
problem of temperature dependence in the next chapter.
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Chapter 4
High Temperature Laser Design
4.1 Introduction
The performance of far infrared quantum well lasers is greatly influenced by temper-
ature. Far infrared frequencies correspond roughly to the thermal energy kT at room
temperature. At room temperature T= 300 K, the population inversion is blurred due
to thermal filling of the upper laser level. But even before the temperature reaches 300
K, the gain and emission efficiency are greatly reduced because of increased phonon
scattering.
Both LA and LO phonon scattering rates are proportional to nph + 1, where nph
is the Bose-Einstein distribution function for phonons. The number of phonons nph
gradually increases with temperature leading to an increase in the phonon scattering
rate. This effect is especially noticeable in LA phonon scattering where the emitted
phonons have very small energies hw 1 meV. LO phonon scattering is not strongly
effected by the temperature dependence of nph since hwLo ~ 36 meV. However, LO
phonon scattering suffers from a much worse temperature threshold phenomenon.
This effect involves the opening of a parasitic LO phonon scattering window from the
upper to lower laser levels.
Far infrared quantum well lasers are designed to take advantage of the LO phonon
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resonance. The laser emission frequency is designed to be lower than the LO phonon
energy to suppress LO phonon scattering. Meanwhile, the energy separation between
the lower laser level and the ground state is designed to allow LO phonon scattering
for efficient depopulation of the lower level. These ideal conditions for population in-
version are violated when electrons in the upper laser level can gain enough thermal
energy to scatter down to the lower level via fast LO phonon emission [64, 65]. The
opening of this parasitic scattering channel has a devastating effect on the gain and
emission efficiency. The design of far infrared quantum well lasers must take this par-
asitic LO phonon scattering channel into account since the local electron temperature
can quite high even at cryogenic bath temperatures [31].
There are two ways to optimize the laser performance at high temperatures. One
can either reduce the emission frequency to "shut" tighter the LO phonon window
or try to enhance the scattering rate from the lower laser level to counteract the
increased scattering from the upper level. Unfortunately, the limited tunability of
the C02 pump laser puts a constraint on the quantum well design. For example in
a three level design [55], the lasing transition is between E3 - E2 ~ 25 meV. Since
the pump transition must be in the range E3 - Ei ~ 120 meV, the energy separation
between the lower laser level E2 and the ground state E1 is much larger than the
LO phonon energy of 36 meV. However, the fastest scattering rate between E2 and
Ei occurs when this transition is exactly one LO phonon energy. In this case, the
momentum of the emitted phonons is close to the IF-point and the Fr6lich interaction
Hamiltonian (oc 1/q) is enhanced. A good idea for increasing the scattering rate from
E2 is to add an extra level exactly one LO phonon energy below E2. Such a quasi
three level design has been analyzed and shown to have improved high temperature
performance [56]. However, we have demonstrated in the previous chapter that four
level designs, where the pump transition occurs between E1 -+ E4 and lasing between
E3 -+ E2, are superior by an order of magnitude in gain and emission efficiency over
three level and quasi three level designs [36]. It would be advantageous to improve
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the temperature dependence of the four level design without sacrificing its high peak
gain.
In this chapter, we apply the two techniques mentioned above to improve the
temperature performance of the four level design. First we consider the effect of
lowering the emission frequency E3 - E2 so that the LO phonon window is opened at
a higher temperature. This method works adequately for the gain because it scales
only weakly with emission frequency (Oc W23 ). The emission efficiency decreases much
faster with frequency (oc w 3I). Therefore, scaling the emission frequency to lower
energy does not improve the temperature dependence of emission efficiency. The best
way to counteract the opening of the fast LO phonon channel at high temperatures
is to enhance the scattering rate between the lower lasing level E2 and the ground
state E1. To achieve this, we propose a five level design scheme where the energy
separation E2 - E, can be set at exactly one LO phonon resonance. The five level
design maintains the high peak gain of the four level design while greatly improving
its high temperature performance.
4.2 Phonon Scattering at High Temperatures
In the next two sections we analyze the temperature dependence of the four level
design. It is particularly interesting to see how scaling the emission frequency effects
the temperature dependence of gain and emission efficiency. Figure 4-1 shows the
relevant phonon scattering paths at high temperatures. The electron Fermi-Dirac
distributions are also shown schematically in red.
Optical pumping with the C02 laser establishes steady state electron populations
in each subband. Assuming that Fermi-Dirac statistics are still valid, we can describe
the subband populations by quasi Fermi levels. This assumption is similar to that
used in conventional semiconductor diode lasers, where separate quasi Fermi levels
for electrons and holes are assumed even in the active region [35]. The justification
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Figure 4-1: A schematic diagram showing the phonon scattering paths and electron
distributions in the four level design at high temperatures.
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in the case of diode lasers comes from the fact that electron-hole recombination times
(~ 1 ns) are much longer than electron-electron scattering times in the conduction
and valence bands. Energy exchange in a quantum well subband is also dominated by
electron-electron scattering with - 100 fs time scales [66]. Thus, since intersubband
energy relaxation takes place via phonon scattering with ~ 1 ps time scales, we can
reasonably assume that electrons in each subband reach a quasi equilibrium state at
some electron temperature Te. The electron temperature may be higher than the
lattice temperature since electron-phonon energy exchange occurs on a slower time
scale.
At high electron temperatures, we can no longer make the simplification as was
done in Chapters 2 and 3, that electrons only occupy states close to the bottom of the
subbands. Some electrons will be "hot", meaning that they occupy states many meV
above the subband bottom. In Chapter 2 we derived the formalism for calculating
the single electron-phonon scattering rate W'Vjf from some initial state (usually taken
as ki = 0) to all the possible final states in an empty subband Ef. Now we must
take into account the thermal distribution of electron populations in the upper and
lower subbands. This is done by averaging the scattering rate for all the electrons
in the upper subband. The single electron scattering rates Wef are weighted by a
Fermi-Dirac distribution and averaged over all initial states [65]
1 _ f Vi+f(E)F (E)(1 - Ff(E - hw))dE (4.1)
Tif f F(E)dE
where the integration is from the bottom of subband Ej to the top of the quantum well.
Equation 4.1 includes both hot electron and state blocking effects. However, state
blocking effects are negligible for the small ~ 1010 cm 2 excited subband populations
we consider.
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4.3 Scaling the Emission Frequency
The energy levels and wave functions for the four level design are shown in Figure
3-2. Note that it is easy to vary the emission frequency E3 - E2, without effecting
the other parameters much, by adjusting the second barrier from the left. Figure 4-2
shows the calculation of emission efficiency as a function of temperature for different
values of E3 - E2. The electron density was set at 3 x 101 cm- 2 and the well widths
adjusted slightly to ensure the optimum alignment E4 - 3 - 36 meV for each curve.
The temperature dependence comes in through
1 -1 +1 (4.2)
73' T 13  7 2 3
At low temperatures 1 is mainly due to slow acoustic phonon scattering. However,
as the temperature increases, electrons in E3 can get enough thermal energy to scatter
down to E2 via fast LO phonon emission. As soon as this parasitic scattering channel
is opened, the emission efficiency drops rapidly. Note that scaling the emission fre-
quency to lower energies does not improve the temperature dependence of emission
efficiency because of its strong (c W23) frequency dependence.
Figure 4-3 shows the calculated gain for the four level design as a function of
temperature. We assume the same values of pump power, spot size, linewidth and
confinement factor as in chapter 2. The temperature dependence of gain is dominated
by the factor (1 - 1). At low temperatures the ratio ' is negligible compared to
1 and it is not necessary to optimize the LO phonon scattering rate . However,T1 2
when the LO phonon scattering window is opened for 9 at high temperatures, y
can become faster than -i giving rise to a negative gain. Figure 4-3 shows that
T1 2
scaling the emission frequency to lower energies does improve the high temperature
dependence of gain. The peak gain is only decreased slightly by this scaling because
of its weak (Oc w2 3 ) frequency dependence. However, a better way to offset the
increased scattering rate - at high temperatures is by designing a faster 1 . We can723 T1 2
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Figure 4-2: Calculation of emission efficiency for the four level design as a function of
temperature and AE 23. Emission efficiency is not improved by scaling the emission
frequency to lower energies. The reason lies in the unfavorable scaling of emission
efficiency with frequency oc (AE 23)4.
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Figure 4-3: Calculation of gain for the four level design as a function of temperature
and AE 23 . The temperature dependence of gain is definitely improved by scaling
to lower emission frequencies. The peak gain only drops as oc AE 2 3 in contrast to
emission efficiency.
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Figure 4-4: Quadruple coupled quantum well structure for the five level design. The
electron density in the ground state is p1 = 3 x 101 cm~2 . The calculated transition
energies are AEi5 = 130.4meV, AE 14 = 94.3meV, AE 13 = 57.0 meV, AE 12 =
36.5 meV and AE 32 = 20.5 meV. The calculated dipole matrix elements areZ12 =
15.6 A, Z 23 = 39.2 A, Z13 = 5.8 A, Z14 = 5.9 A, Z 34 = 37.6 A, Z2 4 = 14.0 A, Z15 =
17.0 A, Z2 5 = 9.0 A, Z35 = 6.1 A and Z45 = 30.0 A.
accomplish this by using a five level quantum well design.
4.4 Five Level Design for Enhancing g
Figure 4-4 shows the energy levels and wavefunctions of our prototype five level design.
Electrons are pumped from the ground state Ei to E5 . From E5 electrons quickly
scatter down to E3 via resonant two LO phonon emission. The laser emission occurs
between E3 and E2. This design is similar to the four level case except for one crucial
difference. The scattering rate from E2 is a factor of 5 faster because the five level
design makes it possible to set the optimum energy separation E2 - Ei = 36 meV.
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The population inversion in the five level design is given by
S tot tot tot tot tot
Tn3- ( T 3 + T T12  T12  T12T _T i(43
T35  73 4 745  T23  T25  T24 T45 J Tp
where the definitions of scattering rates are similar to the previous chapter. As in
the four level case, the temperature dependence is dominated by the factor (1 - Z)
Figure 4-5 shows the temperature dependence of the gain in comparison to the four
level design. The five level design has positive gain beyond 100 K while the four level
design cuts off at about 50 K. Note also that the peak gain of the five level design is
not diminished much by the extra scattering path from E4 - E2.
The single well spontaneous emission efficiency of the five level design is given by
tot tot tot tot
W23 TS Ti T 5  T715L=U 015P1-( + ) (4.4)W15 T35  T34T45 23a
As in the four level case, the temperature dependence of emission efficiency is dom-
inated by 1 . Figure 4-6 shows a calculation of emission efficiency as a function of
temperature for the five level and four level designs. There is no advantage in this
case for going to a five level design since -1 is not effected by enhancing -!-. Once730 'T1 2
the LO phonon window is opened for -, there is nothing one can do to prevent the
rapid drop in spontaneous emission power. Therefore, the best strategy for design-
ing spontaneous emission devices is to maximize the peak emission efficiency, which
means using four level designs.
4.5 Concluding Remarks
We have analyzed the temperature dependence of optically pumped far infrared quan-
tum well lasers. It was found that scaling the emission frequency to lower energies
does benefit the high temperature performance, although at the expense of losing peak
gain and design flexibility. The best way for improving high temperature performance
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Figure 4-5: Comparison of gain for the four level and five level designs as a function of
temperature. ZAE 23 - 20 meV and pi = 3 x 10" cm-2 for both designs. The superior
temperature dependence of the five level design comes from an enhanced LO phonon
scattering rate for emptying the lower laser level.
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Figure 4-6: Comparison of emission efficiency for the four level and five level designs
as a function of temperature. AE 2 3 - 20 meV and pi = 3 x 10" cm- 2 for both
designs. The emission efficiency of the five level design is not affected by enhancing
the LO phonon scattering rate from the lower laser level.
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is to enhance the depopulation scattering rate of the lower laser level. We proposed
a new five level design scheme that greatly improves the temperature performance
without sacrificing peak gain. The emission efficiency is optimized by maximizing the
peak emission efficiency at low temperatures. Therefore, four level designs are the
best choice for spontaneous emission devices.
The five level design scheme we proposed may not be the last word on the "best"
design. We chose to use coupled multiple quantum well structures as our design
medium because such structures are easiest to grow by molecular beam epitaxy. How-
ever, there may exist more complicated design structures involving combinations of
wells and steps that offer opportunities to improve on our work. In particular, fur-
ther enhancement of the scattering rate -I may be possible by designing a structure
similar to our five level design but with a stronger overlap between the wavefunctions
in E2 and E1.
A more radical approach for improving the temperature performance would be
to grow quantum well structures using the SiGe-Si material based system. The fact
that Si is an indirect semiconductor is of no importance for intersubband transitions
in quantum wells. The great advantage of Si over GaAs is the complete absence of
polar LO phonon scattering in Si due to its nonpolar crystal structure. However,
the technology for growing SiGe-Si heterostructures is still far behind GaAs based
systems.
TT
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Chapter 5
Spontaneous Emission Experiments
5.1 Introduction
A measurement of spontaneous emission is always the most important first step in
realizing a laser [67, 31]. The spontaneous emission data contains valuable infor-
mation about the emission frequency, linewidth, and emission efficiency. The far
infrared emission spectrum together with mid-infrared absorbance data provides an
experimental verification of the energy levels in the quantum wells [29]. A measure-
ment of absolute emission power versus pump power gives the emission efficiency.
The emission efficiency depends on many of the same factors as the gain. Therefore
a comparison of measured and calculated emission efficiencies gives a good indica-
tion of device performance. Finally, successful resolution of the far infrared emission
linewidth allows an estimation of the highest gain available from the device.
The measurement of far infrared spontaneous emission from optically pumped
quantum wells is challenging because of inherently weak emission efficiency. Several
researchers have already tried without much success to measure optically pumped far
infrared spontaneous emission from three level quantum well designs [53, 4, 54]. A
major recent contribution to this effort was the development of four level quantum
well designs with much higher emission efficiencies. The use of four level quantum well
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designs gave us the advantage to produce superior experimental results over previous
work.
In this chapter we describe our experiments to measure far infrared intersubband
spontaneous emission and mid-infrared absorbance from three level and four level
quantum well designs. These measurements confirm our quantum mechanical calcu-
lations of intersubband transition energies, dipole matrix elements, and the relative
strength of the three level versus four level designs. The measurements on the four
level design give the clearest demonstration to date of optically pumped far infrared
spontaneous emission from quantum wells.
5.2 Absorbance Experiment Setup
Mid infrared absorbance measurements provide an indispensable tool to measure the
energy levels and dipole moments of intersubband transitions in quantum wells. This
data is especially important since the intersubband transition energy corresponding
to the CO2 pump laser is in the mid-infrared. Moreover, the measured values can be
compared with the calculated values from our quantum mechanical computer simula-
tion to verify the design. The absorbance experiments were carried out using a Nicolet
Fourier Transform Infrared Spectrometer (FTIR). Figure 5-1 shows the optical layout
of our FTIR modified for absorbance spectroscopy.
The heart of an FTIR is a Michelson interferometer. One of the mirrors in the
interferometer is swept at a constant velocity in the linear scan mode or moved in
discrete steps in the step scan mode. Linear scanning is convenient to use for ab-
sorbance measurements where a bright source is available. The light from a black
body source passes through the interferometer where it is modulated by a moving
mirror. After traversing the interferometer, the light passes through the sample com-
partment. The sample compartment was modified with additional optics to allow
for coupling through 0.5 mm thick samples. The broad spectrum of the black body
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Figure 5-1: Experimental setup for mid-infrared absorbance measurements.
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source is altered by the sample due to intersubband absorption. After going through
the sample compartment optics, the light is focused onto a Mercury Cadmium Tel-
luride (MCT) liquid Nitrogen cooled detector. The modulation of the source radiation
due to the moving mirror in the interferometer produces an interferogram at the de-
tector. A Fourier transform of the interferogram gives the spectrum of the light that
has passed through the sample.
We used a polarizer to ratio the spectra for light in the growth direction of the
quantum wells versus light in the plane of the layers. This ratio procedure removes
most of the substrate free carrier absorption components from the spectrum. The
logarithm of the transmission ratios Log(1j 1/T±) gives the absorbance, which is pro-
portional to the absorption loss [32]
1 T
a = 1n(10)Logio( 11 ). (5.1)
Lint T-)
Lint is the total interaction length in the quantum wells defined as
Lin = LNN (5.2)
coso
where Lv is the total quantum well thickness, Nw the number of quantum well
periods, N, the number of passes, and 0 the angle of incidence with respect to the
normal to the plane of the layers.
Peaks in the absorbance correspond to intersubband transition energies Ej - Ei in
the quantum wells. The area under a particular peak j multiplied by ln(10) is called
the absorption strength Iij. The absorption strength can be calculated by integrating
the theoretical (Lorentzian) absorption formula over energy
27r2 p 8NwNpveZ 2 sin2 0Iij = Zij ,o (5.3)
ecn h cos
where p, is the sheet electron density in the wells, n is the index of refraction, v is
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the peak frequency of the intersubband transition, and c is the velocity of light in
vacuum. The calculated absorption strength depends on two unknown experimental
parameters p, and Zig. Thus from the measured absorption strength and knowledge
of p, we can deduce the dipole matrix element Zij. The samples were processed into
a 3 bounce trapezoid waveguide (N,= 6) by cleaving a bar and polishing two opposite
ends at a 45 degree angle (0 = 57). The same waveguide structure was used for both
emission and transmission measurements.
5.3 Emission Experiment Setup
The emission measurements were done using the FTIR in step scan mode. Step
scan mode is necessary when lock-in detection is used to measure very weak emission
signals [68]. Lock-in detection involves external modulation or chopping to produce a
reference signal. This additional modulation frequency can interfere with the internal
modulation of the moving mirror in linear scanning. However, in step scanning the
mirror moves in discrete steps. At each step the mirror comes to a complete stop.
Once the mirror is stopped the source radiation is no longer modulated by the motion.
The time delay at each stop can be adjusted to accommodate the integration time of
lock-in detection to increase the signal to noise ratio.
The experimental setup for the emission measurements is shown in Figure 5-2.
The sample is mounted in a Janus liquid Helium cryostat. A CO 2 pump laser is
focused onto the 45 degree angle facet of the waveguide using an f=5 inch ZnSe lens.
We estimate the diffraction limited spot size to be about 150-200 Am. ZnSe was also
used for the pump input windows to the sample compartment of the cryostat. The
pump laser is electrically chopped at 500 Hz for lock-in detection. The far infrared
spontaneous emission is collected from a cleaved side of the sample so as not to con-
taminate it with the CO2 laser radiation. A specially designed cone optic collects
the far infrared radiation and directs it through the output windows. Single crystal
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Figure 5-2: Experimental setup for far infrared emission measurements.
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Figure 5-3: Far infrared absorption of quartz (in red) and sapphire (in green). The
quartz data is for ordinary wave, applicable to Z-cut crystal. The sapphire data is an
average of ordinary and extraordinary waves, applicable to random oriented crystal.
quartz was used for the cold inner window during experiments on the three level de-
sign. This window material was later changed to single crystal sapphire for improved
far infrared absorption properties at liquid Helium temperatures. Polypropylene was
used for the outer vacuum window. A gold coated off-axis paraboloid mirror with
f=3 inches collects and redirects the far infrared radiation into the FTIR. After prop-
agating through the interferometer, the output radiation is focused onto an Infrared
Laboratories liquid Helium Si bolometer using a second similar off-axis paraboloid
mirror. The output signal from the bolometer goes to a lock-in amplifier and then to
a PC for processing.
The far infrared optical collection efficiency rlopt is an important figure of merit
for our experimental setup. It is also essential to have an estimate for r/0pt to extract
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the far infrared emission efficiency from a measurement of absolute emission power.
The collection efficiency can be estimated as follows
riopt = ?dTGaAsTconeTwinTairTBSTbol, (5.4)
where rd ~ 0.25 for collection of spontaneous emission from only one side of the
sample, TGaAs - 0.69 for the GaAs/Air interface, Tcone ~ 0.5 for the cone optic,
Tair ~ 0.3 for absorption in the air, TBS - 0.5 for the FTIR beamsplitter, and
TboI 0.5 for the bolometer polyethylene input window and 20 pm cut on filter. A Z-
cut single crystal quartz window (1.6 mm thick) was used as the inner output window
of the cryostat during experiments on the three level design. The emission frequency
of the three level design was ~ 22meV where quartz has very low absorption. Un-
fortunately, quartz has an absorption resonance at 33.5 meV making it unsuitable
as window material for higher frequencies. Therefore we changed to single crystal
sapphire (random orientation) for experiments on the four level design where the
emission was designed for higher frequency - 30meV. Figure 5-3 shows the absorp-
tion loss of quartz and sapphire as a function of frequency, taken from Loewenstein et.
al. [69]. Polypropylene was used as the output vacuum window in both experiments.
Room temperature measurements using our FTIR give a transmission of - 0.7 for
the polypropylene window (0.2 mm thick). The combined transmission of both in-
ner and outer windows, including reflection and absorption loss, is estimated to be
T -~ 0.41 and Tn - 0.3 for the three level and four level designs. The total
collection efficiency is therefore ra ~ 2.7 x 10-3 and q4L ~ 1.9 x 10-3. It must be
clear that this is only a rough estimate since many far infrared properties are difficult
to measure.
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Figure 5-4: Step quantum well structure for the three level design. The structure
is delta doped in the barriers to produce an electron density of 3 x 101 1 cm-2. The
calculated transition energies are AE13 = 136.1 meV, A E12 = 114.0 meV and A/E23 =
22.1 meV. The calculated dipole matrix elements are Z 12 = 19.1 A, Z23 = 45.3 A and
Zia = 7.2 A.
5.4 Three Level Design
A step quantum well structure was used to implement the three level design. Inter-
subband transitions in step wells have inherently narrower linewidths compared to
coupled double wells because the excited state wavefunctions in coupled double wells
overlap more AlGaAs-GaAs interfaces leading to increased interface roughness scat-
tering [70]. However, step wells are more difficult to grow by molecular beam epitaxy
since steps require two different Al compositions. Figure 5-4 shows the calculated
energy levels and square of the wavefunctions for the three level step quantum well
design. Electrons are optically pumped from the ground state E1 to E3. The far
infrared emission occurs between levels E 3 and E 2 at hW32 -~ 22 meV.
The three level step well design was grown by Prof. Ben Streetman and Chad
Hansing at the University of Texas at Austin. Molecular beam epitaxy was used to
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grow 50 periods of Alo.4 Gao.6 As-Alo.2Gao.8As-AsGaAs-Alo. 4Gao.6 heterostructures
on a semi-insulating GaAs substrate. Each quantum well period was separated by
a 950 A barrier. A Si delta doping layer was placed in the center of the barriers to
provide approximately 3 x 101 1 cm- 2 electrons in the ground state of the quantum
wells.
Figure 5-5 shows the results of the mid infrared absorbance measurement at room
temperature. Two absorption peaks are visible for the E1 -+ E3 and E1 -+ E2 transi-
tions. The measured transition energies for the two peaks are E3 - E= 130.2 meV
and E2 - Ei = 108.0 meV in good agreement with the calculated values (136 meV and
114 meV respectively). The agreement is actually better than it appears because we
expect a small blue shift of 3-4 meV when the sample is cooled to LHe temperatures.
Note also that the difference between the two peak positions almost exactly matches
the calculated value for E3 - E2 = 22 meV. A Lorentzian curve fit gives the broaden-
ing or full width at half-maximum (FWHM) of 21 12= 12.6 meV and 2F 1 3 = 8.4 meV.
The measured absorption strengths are 112 = 47meV and 113 = 2.9 meV. From the
measured absorption strengths and assuming an electron density of 3 x 1011 cm- 2,
we estimate measured dipole matrix elements of Z 1 2 = 20.5 A and Z 13 = 4.6 A, also
close to the calculated values (19.1 A and 7.2 A respectively).
The measured emission spectrum is shown in 5-6. A weak emission peak emerges
at 22 meV as the device is cooled to super fluid temperatures. This peak corresponds
closely to the design value for the E 3 -+ E2 transition and we interpret it as being
due to intersubband spontaneous emission. The emission peak lies on top of a broad
black body spectrum. The black body emission results since most of the pump photon
energy is converted to LO phonons and eventually to acoustic phonons or heat. There
is also a strong dip at -33-35 meV. This dip is due to transverse optical (TO) phonon
absorption resonances in the quartz window at 33.5 meV and in GaAs at 34 meV
[69, 6]
The single well spontaneous emission efficiency for the three level design is given
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Figure 5-5: Absorption measurement for the three level design. The measured tran-
sition energies are AE13 = 130.2 meV, AE 12 = 108.0 meV and AE 2 3 = 22.2 meV.
The measured dipole matrix elements are Z 12 = 20.5 Aand Z 13 = 4.6 A.
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Figure 5-6: Far infrared emission measurement for the three level design. The peak at
22 meV is attributed to E3 -+ E 2 intersubband spontaneous emission. The absorption
band at 33-35 meV is due to TO phonon absorption in the Quartz window at 33.5
meV and the GaAs substrate at 34 meV.
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by
7laL = 0 13 ni a (5.5)
W13 T23
The calculated values are U13 = 0.66 x 10- 1 4 cm 2 , ni = 3 x 10 1 cm- 2, w 2 3 /w 13 =
0.16, Tot = 2.4 ps, and T 2ad = 3.4 ps, which gives a theoretical single well emission
efficiency of 0.226 nW/W. Thus, the theoretical emission efficiency for 50 quantum
wells is 11.3 nW/W.
The total measured emission power was approximately 1 pW for 500 mW of pump
power. This corresponds to an overall efficiency of 2 pW/W. If we divide out the far
infrared collection efficiency - 2.7 x 10-3, the measured emission efficiency is ~ 0.74
nW/W. This value is about an order of magnitude lower than the calculated emission
efficiency of 11.3 nW/W. Indeed, the far infrared intersubband emission was so weak
that its spectrum was dominated by black body radiation. Although an emission
peak was visible at 22 meV, it was impossible to obtain the linewidth. This poor
experimental result along with inconclusive results by other researchers on similar
three level structures motivated us to search for improved quantum well designs.
5.5 Four Level Design
The four level design employs the coupled triple quantum well structure of chapter
2. Figure 5-7 shows the calculated energy levels and square of the wavefunctions.
Electrons are optically pumped from the ground state Ei to E4. E4 - E3 is separated
by approximately one LO-phonon energy (36 meV) so that electrons quickly decay
from E4 to E3. The far infrared emission occurs between levels E3 and E2 at hW3 2 ~
30 meV. Electrons quickly vacate E2 back to the ground state Ei via LO-phonon
emission.
The four level triple coupled quantum well design was grown by Prof. Michael
Melloch at Purdue University. Molecular beam epitaxy was used to grow 80 periods
of A10.3Ga0.7As - GaAs heterostructures on a semi-insulating GaAs substrate. Each
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Figure 5-7: -Triple coupled quantum well structure for the four level design. The
calculated transition energies are A = 119.5 meV, / E13 = 82.7meV, L\E 12 =
51.9 meV and / E23 = 30.8 meV. The calculated dipole matrix elements are Z2=
11.8 A, Z2 3 = 38.0 A, Zia = 9-4A, Z14 = 18.1 A, Za4 = 31.6 A and Z2 4 = 9.6KA
quantum well period was separated by a 200 A barrier. A Si delta doping layer was
placed in the center of the barriers to provide approximately 3 x 10u1cm-2 electrons
in the ground state of the quantum wells.
Figure 5-8 shows the results of the mid infrared absorption measurement. The
Ei --+ E94 absorption peak is clearly evident with a center frequency of 119.8 meV,
close to the design value of 119.5 meV. A Lorentzian curve fit gives a FWHM of
21'14= 13 meV. The measured absorption strength is 114 = 48 meV corresponding
to a dipole matrix element of Z14 = 15.6 A. This value is close to the calculated
dipole matrix element of 18.1 A. The E91 -+ E92 (51.9 meV) and E91 -+ E3 (82.7 meV)
absorption peaks were not observed because they fall below the frequency range of
our mid infrared MCT detector. However, since the Ei~ -+ E94 transition energy came
out close to the design value, we also expect the far infrared emission to occur close
to its design value of 30.8 meV.
The measured emission spectrum is shown in Figure 5-9. The solid curve corre-
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Figure 5-8: Absorption measurement for the four level design. Only the E1 -+ E4
transition is in the mid infrared range of the MCT detector. The measured
transition energy and dipole matrix element are AE14 = 119.8 meV and Z 14 =
15.6 Arespectively.
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Figure 5-9: Far infrared emission measurement for the four level design. The red curve
shows the emission spectrum when the C02 laser is tuned to resonance with the pump
transition E4 - E1 . The emission peak at 30.8 meV is due to E 3 - E2 intersubband
spontaneous emission. The dip at 35 meV is due to TO phonon absorption in the
GaAs substrate. The green curve shows what happens when the pump laser is tuned
off resonance.
sponds to the pump being tuned to resonance. We see a prominent peak centered at
30.8 meV, exactly at the design value of the E3 -+ E2 transition. A Lorentzian curve
fit gives a FWHM of ~ 7 meV. This is a relatively narrow linewidth in comparison
with the room temperature linewidth of 13 meV for the E1 -+ E 4 transition. The
emission peak lies on top of a broad black body spectrum. We also observe a dip at
35-36 meV due to TO phonon absorption. Note that we measure the TO phonon
absorption resonance to be slightly above the value of 34 meV in GaAs [6]. The higher
measured value of TO phonon energy may be due to the A10.3Gao.7As barriers.
When the pump is tuned off resonance, only bulk absorption can take place and
the emission should mainly result from blackbody radiation. The green curve shows
94
CHAPTER 5. SPONTANEOUS EMISSION EXPERIMENTS
what happens to the spectrum when the pump frequency is tuned below the E1 -* E4
resonance. The measured signal drops significantly and the emission peak at 30.8 meV
vanishes as expected. In a separate experiment we measured the emission spectrum
from a rectangular shaped sample oriented so that the pump polarization is in the
plane of the quantum wells. Since intersubband transitions are forbidden for this
polarization of the pump, we expect to see only black body radiation due to free carrier
absorption. Figure 5-10 shows the black body emission spectrum. Most features of
this black body spectrum resemble the spectrum of Figure 5-9 except for the absence
of an emission peak at 30.8 meV. This provides additional evidence that we measured
a real emission peak due to far infrared intersubband transitions.
The single well spontaneous emission efficiency for the four level design is given
by
W 3 7tot 7tot(5 6
774L = 0-1 rad
W 1 4 734 T23
The calculated values are U14 = 0.36 x 10- 13cm 2, ni = 3 x 101 1 cm- 2 , W2 3 /W 14 = 0.26,
rot = 0.35 ps, T34 = 0.72 ps, r -"' = 6.2 ps and r 3ad = 1.8 ps, which gives a theoretical
single well emission efficiency of 4.6 nW/W. Thus, the theoretical emission efficiency
for 80 quantum wells is 368 nW/W.
We measured - 6 pW of far infrared emission power for 200 mW of pump power.
This gives an overall efficiency of 30 pW/W. After dividing out the far infrared
collection efficiency of 1.9 x 10-3, we get a measured emission efficiency of 16 nW/W.
As in the three level design, the measured value of emission efficiency is about one
order of magnitude off from the calculated value.
5.6 Concluding Remarks
The order of magnitude discrepancy between measured and calculated emission effi-
ciency in both three level and four level designs was most likely caused by heating
effects [64, 65]. We showed in Chapter 3 how the opening of a parasitic LO phonon
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Figure 5-10: Black body emission for 200 mW of pump power polarized in the plane
of the quantum well layers. Note the absence of a peak at 30.8 meV.
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scattering channel between E3 and E2 at high temperatures can easily lower the emis-
sion efficiency by more than an order of magnitude. Broadening of the far infrared
transition may also contribute to the opening of this parasitic LO phonon channel
[71].
It is interesting to compare the relative strength of the four level and three level
designs. To make a fair comparison, we must scale the measured emission efficiency
of the three level design by the factor
4
-4L= 3.84 (5.7)4W3L
since the two designs had different emission frequencies and rj oc w4 . Multiplying the
measured emission efficiency of the three level design by the factor 3.84 we get 2.8
nW/W. This value is still a factor of 6 lower than the measured emission efficiency
of 16 nW/W for the four level design. We can conclude that the superior emission
spectrum of the four level design resulted from a much stronger emission efficiency.
This provides a satisfying confirmation of the theory.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
This thesis took the first difficult steps in the development of optically pumped far in-
frared quantum well lasers. Building on the work of previous research on mid infrared
intersubband lasers, a three level system in a step quantum well was designed to mea-
sure optically pumped far infrared intersubband emission. Subsequent measurements
revealed that the far infrared emission was too weak to clearly resolve the spectrum.
Moreover, when we tried to improve the design to increase the far infrared emission
power, it became clear that three level systems lack the flexibility to optimize the gain
and emission efficiency. This lack of flexibility in three level designs comes from the
necessity to couple the C02 pump laser to the same transition E1 -+ E3 that couples
the LO phonon scattering responsible for limiting the gain and emission efficiency.
We realized that the real power of quantum wells as artificial atoms lies in more
complex designs involving higher energy level schemes [36]. A four level scheme using
triple coupled quantum wells was proposed and analyzed. The four level design effec-
tively decoupled the pumping rate from the LO phonon scattering rate appearing in
the gain and emission efficiency. Thus, these two important rates could be optimized
independently. This innovation improved the gain and emission efficiency by an order
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Table 6.1: Summary of experimental results.
AEi,(meV) Zi, (A) AE23 (meV) r (nW/W)
3L Measured 130.2 4.6 22.0 0.7
3L Calculated 136.1 7.2 22.1 11
4L Measured 119.8 15.6 30.8 16
4L Calculated 119.5 18.1 30.8 368
of magnitude over previous three level designs. Optically pumped far infrared inter-
subband emission experiments verified the superior qualities of the four level system.
The four level design exhibited an order of magnitude stronger emission power. The
stronger emission made possible the first clear measurement of a far infrared sponta-
neous emission spectrum from optically pumped quantum wells [37]. Table 6.1 shows
a summary of experimental results for the three and four level designs.
The emission measurements revealed a serious problem: much weaker emission
power than expected for both three and four level designs. The order of magnitude
weaker emission was attributed to heating effects. Heating of the electron gas can
result in the opening of a parasitic LO phonon scattering channel. This parasitic
scattering channel opens when electrons gain enough thermal energy to scatter from
E3 to E2 by emitting an LO phonon. Once this LO phonon window is opened, both
the gain and emission efficiency drop by a factor of ten.
After a thorough analysis of heating effects, we determined the best strategy to
overcome increased scattering - is to fight fire with fire by enhancing the scattering
rate -L for faster depopulation of the lower laser level E2. Unfortunately, the limitedTIr 2
tunability of the C02 pump laser puts a constraint on enhancing the LO phonon
scattering rate - in four level systems. Thus, we proposed and analyzed a fiveT1 2
level design scheme using quadruple coupled quantum wells. The five level design is
very similar to the four level design except for the crucial difference that the energy
alignment E2-Ei can be made exactly equal to the LO phonon energy. This optimum
energy alignment increased the LO phonon scattering rate 1 by a factor of five,T 2
resulting in improved high temperature performance.
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6.2 Future Work
6.2.1 Fabrication
The most natural next step after successful demonstration of far infrared intersubband
emission is to fabricate and test a laser waveguide structure. The laser waveguide we
propose is shown in Figure 3-5. A very thin - 5 pm rectangular waveguide is needed
to confine the far infrared laser mode. Such a waveguide can be fabricated using
polishing and selective etching [31].
The challenge would be to also fabricate an optical quality grating with 1 m
features on the top surface of the waveguide for coupling the CO2 pump laser. Un-
fortunately, the process of polishing and selective etching leaves plenty of particles
on the sample that makes photolithography of a fine grating very challenging. One
possibility to overcome this problem is to simply bypass the necessity of fabricating
a grating altogether by using cross band pumping. The shorter wavelengths used in
cross band pumping allow for coupling through the side of the waveguide. Alternative
optical pumping schemes are discussed next.
6.2.2 Pumping Schemes
Optical pumping with a CO2 laser has many disadvantages besides the necessity of
fabricating a grating. The CO2 laser is only tunable in a narrow frequency rage 110
- 135 meV, with gaps at 119, 124 and 132 meV. This limited tunability puts severe
restrictions on the quantum well design. For example, the ideal design would be the
four level system shown in Figure 6-1. This design combines all the advantages of four
level systems described in Chapter 3 with the superior high temperature performance
of the five level design presented in Chapter 4. In addition, the emission efficiency
is increased because lower pump photon energy enhances the Manley-Rowe factor.
Unfortunately, the frequency range of the CO2 laser is above the energy of the pump
transition in the ideal four level system 90 - 100 meV. The CO2 laser is also very
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36 meV P LO
15-25 meV LFI R
--.---.------------- --------- E2
36 meV OLO
Figure 6-1: The ideal four level design. Both E4 - E 3 and E2 - El transition energies
are set to the LO phonon energy giving the optimum conditions for population inver-
sion. A QCL laser operating at hw ~ 90 - 100 meV is necessary to pump electrons
from Ei to E 4 .
expensive, bulky and limited in pulse mode operation.
An interesting direction for future work would be to develop a mid infrared Quan-
tum Cascade Laser (QCL) as a pump source for the far infrared quantum well laser.
The QCL is tunable and can be designed to operate in the optimum pumping range
of 90 - 100 meV. Moreover, a QCL can be put right next to the far infrared laser
waveguide sample in the cryostat. Thus, optical alignment of the pump is done only
once at room temperature. A QCL also has superior modulation capability through
modulation of the current, providing additional flexibility for experiments. The major
challenge in applying this idea is to improve the peak output power of QCLs beyond
1 Watt in pulse mode [72). QCLs operating at A - 11 pm have been demonstrated
with 100 mW of peak output power [73]. Of course, even if it is not possible to further
increase the output power, one can always combine several QCLs to increase the total
pump power.
Another interesting optical pumping scheme is shown in Figure 6-2. This pump-
ing scheme involves cross band pumping with a semiconductor diode laser. There
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are many advantages in cross band pumping. Since electrons are pumped from the
valence band, doping is not necessary. Thus, all of the deleterious effects associated
with doping, like free carrier absorption and ion impurity scattering, are completely
eliminated. Cross band pumping automatically decouples the pump transition from
the LO phonon scattering transition E3 -+ Ei that limits the emission efficiency and
gain. In addition, it is not necessary to fabricate a grating to couple the pump laser.
Since A - 1 pm is smaller than the active region thickness, the pump laser can be
coupled through the side of the laser waveguide. The smaller pump wavelength is
a disadvantage in terms of emission efficiency. However, the lower cost and higher
efficiency of semiconductor diode lasers compared to CO 2 lasers should nullify the
disadvantage of lower far infrared emission efficiency.
6.2.3 Material Systems
We used the AlGaAs-GaAs material system because molecular beam epitaxy tech-
nology is more available in this system. However, there are big advantages in using
different material systems. Table 6.2 compares the properties of several interesting
materials, obtained from references [74, 75, 6].
The physics of photon and phonon induced intersubband transitions was discussed
in Chapter 2. Quantum wells based on material systems with lower effective mass have
larger dipole moments by a factor of v4. The LO phonon scattering rates decrease
by the same factor in the smaller effective mass material. The dipole moments and LO
phonon scattering rates are important measures of ultimate laser performance because
both gain and emission efficiency are proportional to Z2Z223T13 . Thus, changing from
AlGaAs-GaAs to InAlAs-InGaAs based material system will improve the gain and
emission efficiency by a factor of
(m mGaAs 3.5 (6.1)
no. 53 Gao.47 As
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Table 6.2: Material properties.
EG (eV) m* me WLO (meV) WTO (meV)
GaAs 1.42 0.067 36 34
Ino.53Gao.47As 0.75 0.041 33.5 28
InAs 0.354 0.023 29.6 26.4
Si 1.12 0.49 (HH) 63 63
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The InAlAs-InGaAs material system is a particularly favorable choice because molec-
ular beam epitaxy technology is already well developed for this system in the context
of semiconductor diode quantum well lasers. However, we may be able to do even bet-
ter. Table 6.2 shows that InAs has an even lower effective mass than Ino.53Gao.47As.
Using InAs as the well material will give a factor of 15 improvement in gain and emis-
sion efficiency! The only drawback with using InAs is that it is not lattice matched
to the InP substrate ( 3 % mismatch). This may not pose a problem if strained InAs
quantum wells can be grown successfully. In any event, midgap states introduced
by lattice mismatch dislocations should not affect optically pumped unipolar lasers
except for possible linewidth broadening. If the linewidth broadening is a weaker
effect on gain than the improvement due to reduced effective mass, then we still win
by using InAs.
High temperature performance depends critically on the LO phonon energy hwLo.
Materials with larger hWLO experience the opening of the parasitic LO phonon scat-
tering channel - at a higher temperature. Table 6.2 shows that the best materialT23
system for improving high temperature performance is the SiGe-Si system where
hWLo ~ 63 meV. Si is also advantageous because it is a nonpolar material. Thus,
polar optical phonon scattering is completely absent in Si, resulting in much weaker
nonradiative scattering rates [76]. A major disadvantage of using SiGe-Si based quan-
tum wells is the fact that most of the band offset is in the valence band. Quantum
well lasers based on intersubband transitions between holes have the disadvantage of
considerably higher effective mass.
In this author's opinion, the most promising direction for future research on opti-
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cally pumped far infrared quantum well lasers lies in using quantum well structures
based on the InAlAs-InGaAs material system, combined with cross band pumping.
The use of InAlAs-InGaAs material will give a factor of 3.5 improvement in gain,
while cross band pumping will eliminate the largest contribution to loss coming from
free carrier absorption.
Appendix A
Far Infrared Nonlinear Optics in
Quantum Wells
Since the early days of nonlinear optics, there have been efforts to develop nonlinear
optical techniques for the generation of far infrared radiation [6]. Earlier efforts in the
development of far infrared difference frequency mixers and OPO's suffered from the
relatively weak nonlinear susceptibility (x ~2 10' 0m/V) of bulk materials. Recent
studies of the nonlinear optical properties of asymmetric double quantum wells using
AlGaAs-GaAs heterostructures have shown that these structures posses enormous
nonlinear susceptibility X( - 10 6 m/V, which is four orders of magnitude greater
than in bulk GaAs [42]. Quantum wells act like giant artificial atoms, whose nonlinear
optical properties can be optimized by proper design [77]. These advances motivated
us to consider the feasibility of parametric oscillation at far infrared frequencies [33].
A rigorous theoretical analysis showed that far infrared OPO's would require much
higher threshold pump power compared to quantum well lasers [34]. However, it is
still interesting to study the nonlinear optical properties of quantum wells in the far
infrared.
A large value of X( is achieved by designing an asymmetric double quantum
well structure that is doubly resonant at both the pump w, and signal w, frequencies.
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Figure 2-1 of Chapter 2 shows the energy levels and wavefunctions for such a structure.
If only the ground state Ei is occupied, and when w, and w, are close to resonance,
X 2 (,- W W)=e 3N Z12Z23Z13(A1
co (A E12 - hws + Zri)(AE13 - hwo + ia) '
where N is the three dimensional electron density in the quantum wells, Zj3's are the
dipole matrix elements, and Fri's are the linewidth broadenings. Note that Z13 van-
ishes in symmetric quantum well structures. This reflects the general principle that
crystals with inversion symmetry have vanishing second order nonlinear susceptibility.
Quantum wells posses much stronger nonlinear effects compared to natural atoms
because of larger dipole matrix elements and the ability to design quantum wells for
resonance enhancement. A direct comparison of X() in quantum wells versus atoms
in natural crystals gives,
X_ _ Nq L 3hw(
(2) Nat F,' (A.2)Xatom atom
where Nw ~ 1018 cm-3 is the electron density in a typical quantum well, Natom
1021 cm- 3 is solid density, : is a ratio of quantum well thickness ~ 100 A to lattice
constant - 1 A, and h- 10 is due to resonance enhancement. Thus, we see how
the nonlinear susceptibility of quantum wells can be a factor of 10' larger than in
natural crystals.
It is interesting to compare far infrared difference frequency generation with the
optically pumped far infrared emission results of Chapter 5. We performed far infrared
difference frequency mixing experiments using a quantum well sample provided by Dr.
Carlo Sirtori of Bell Labs. The energy levels and wavefunctions for Sirtori's quantum
well structure are shown in figure 2-1. Figure A-1 shows the room temperature
absorption measurement for Sirtori's sample. The measured transition energies are
in very good agreement with the numerical calculations described in Chapter 2.
The experimental setup for far infrared difference frequency mixing is similar to
that used for the optically pumped far infrared emission measurements. The outputs
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Figure A-1: Absorption
sample.
measurement for Sirtori's asymmetric double quantum well
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of two C02 lasers, tuned to different frequencies w, and wi, are combined in a beam
splitter. The pump frequency wp is tuned to the E3 - Ei transition while the idler
frequency wi is tuned to the E3 - E2 transition. Careful attention must be paid to
ensure good overlap of the pump and idler beams. The sample is processed into a
trapezoid one bounce geometry and mounted in a LHe cryostat. The sample geometry
is designed for a single bounce on the epilayer side of the sample to ensure that the
interaction length is much shorter than the coherence length le ~ 100 pum. Thus,
phase matching is not an issue in this experiment. The C02 laser beams are focused
onto the polished end of the sample using an f = 5 inch ZnSe lens. ZnSe is also used
for the mid infrared input windows to the cryostat. Quartz is used as the far infrared
output window material and as a mid infrared filter for the C02 laser radiation. The
output far infrared radiation is collected by two off axis paraboloid mirrors with f =
3 inch and focused onto a LHe Si bolometer. The C02 lasers are chopped at 500 Hz
for lock-in detection.
Figures A-2 and A-3 show the results of our far infrared difference frequency
measurements. The interpretation of the data is simple of we remember that the
far infrared difference frequency signal must be proportional to the product of pump
and idler laser power oc IIs. Thus, we expect a linear dependence on pump power
when the idler power is kept constant and a quadratic dependence when I = I,.
Figure A-2 demonstrates this relationship. The polarization dependence is explained
by the selection rule for intersubband transitions. As the polarization angle is varied
the pump and idler wave amplitudes in the growth direction of the quantum wells
obtain a Sin# dependence. Thus, the product of the pump and idler power obtains
a Sin4 # dependence. This polarization selection rule is clearly evidenced in the data
of figure A-3. It is also interesting to note that the total power generated in far
infrared difference frequency mixing is comparable in magnitude to the far infrared
intersubband emission power from optically excited quantum wells for similar pump
power levels.
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Figure A-2: Measured far infrared difference frequency signal versus pump power.
The sample is cooled to 4.2 K. The red diamonds show the far infrared difference
frequency generated as a function of pump power when the signal power is kept
constants at 100 mW. The red curve is a linear fit to this data. The blue squares
show what happens to the trend when the signal power is kept equal to the pump
power. The blue curve is a quadratic fit to this data.
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Figure A-3: Measured far infrared difference frequency signal versus pump and signal
polarization angle. The pump and idler laser power is set at 50 mW. The sample is
cooled to 4.2 K. The solid curve is a Sin4 # fit to the data.
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